
. 
Report RMD 6028-F 

a I 
! U C C E S 4 1 0 N  NUMBER) (THRUI 

, Contract N o .  NAS-3-2553 

w 
0 
U 
I 

n 

2 0 

J 

INVESTIGATIONS 

SPACE STORABLE PROPELLANTS 

Report Period: March 1963-January 1964 

Directorate of Propulsion and Power Generation 
Of f ice  o f  Advanced Research and Technology 

National Aeronautics and Space Administration 

! 
1 I Washington, D.C. 

CHEMICAL CORPORATION 
REACTION MOTORS DIVISION 

D E N V I L L E .  NEW JERSEY 



. 
INVESTIGATIONS O F  SPACE STORABLE PROPELLANTS 

THIOKOL CHEMICAL CORPORATION 
Reaction Motors Division 

Denville, New Je r sey  

Report RMD 6028-F 
on 

Tasks I and I1 

Contract NAS- 3 - 2 5 5 3  

t 
Submitted by: 

M. LUPERI " 
P r o  j e ct Super visor  

Approved by: #,&I..+-.& J J. LOVIN 

w r v i s o r  , 
Thrus t  Chamber Section 

Report  Per iod  Covered: March  1963 - January 1964 

Directorate of Propulsion and Power Generation 

National Aeronautics and Space Administration 
Washington, D. C. 

n r r .  u i i i ~ e  of Advaiieed R e a e i i r ~ h  and T e ~ h i ~ ~ l ~ g i ;  



ABSTRACT 

7&k& 
REACTION M O T O R S  D I V I S I O N  

Ablative cooling for high combustion tempera ture  propellants was investi-  
gated experimentally in  150 pound thrust  chambers  using OF2 and B&, propel- 
l an ts  with a var ie ty  of s ta te  of the a r t  ablative ma te r i a l  combinations.  
tive m a t e r i a l s  were  shown to behave in  a predictable manner  with OF2/B2H6. 
Based upon four t e s t s ,  the durability ( e ros ion  r a t e )  of graphite re inforced 
ablative ma te r i a l s  with these propellants was approximately equivalent to 
that of previous Thiokol-RMD experience( '1 with s ta te  of the art s i l i ca  r e -  
inforced ablative materials with N204/50-50. 

Abla- 

Sea ldvel injector  evaluations conducted at the 2000 pound ( s p a c e  th rus t )  
level  demonstrated that OF2/B2% delivers high specific impulse (99% of 
predicted s e a  level  shifting equilibrium) over  a wide mixture  r a t io  range.  
Four  types of injectors  (mid-diameter  vor tex ,  full d iameter  vor tex ,  coaxial 
showerhead, and impinging s t r e a m )  were  tes ted .  
tained with a11 injectors  except for the impinging s t r e a m  type. Injector op- 
t imization was not a p rogram requirement a 

High performance was ob- 

Reliable hypergolic ignition of O F & & ,  was demonstrated at s e a  level  
and altitude conditions over extreme ranges  of environment ,  operating con- 
ditions and propellant s t a t e s .  

These  investigations conducted with OF2/B& a r e  applicable to other 
high tempera ture  
posed by the OF&& propellant combination have far -reaching implications 
f o r  fu ture  spacecraf t  propulsion technology. 

high performance propellants;  solutions to problems 
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This program investigated a number of behaviorial  p roper t ies  of the 
I high per formance  space s torable  propellant combination OF&&. The 

p rogram consisted of two ma jo r  tasks:  

SUMMARY 

I A hard-throat configuration, consisting of a U S P  5067 s i l ica  phenolic 

OBJECTIVES 

Task  I investigated the behavior of ablative and heat sink th rus t  
chamber  mater ia l s  both analytically and experimentally at the 150 
pound thrus t  l eve l .  Also included in  Task  I w e r e  investigations 
of the hypergolicity of the propellant combination under a var ie ty  of 
conditions and an investigation of the heat t r ans fe r  proper t ies  of 
OF,. 

Task  I1 explored the ( s e a  leve l )  combustion performance attainable 
f rom the OF,/b2H6 propellant combination at the 2000 pound ( s p a c e )  
t h rus t  l eve l ,  including the acquisition of heat re ject ion data with 
four injector types.  

TASK I - DESIGN DATA EVALUATION TESTS 

Mater ia ls  Evaluation 

The t e s t  f ir ings of Task  I were  in  agreement  with the p r i o r  analytical  
predictions and showed the graphite -phenolic ablative combination to  be the 
mos t  sats i factory thrus t  chamber  m a t e r i a l  for  the t e s t  conditions, followed 
closely by prechar red  graphite epoxy. Other chamber  ma te r i a l  combina- 
tions tes ted ( l is ted in o r d e r  of decreasing per formance)  were  a graphite 
cloth-phenolic chamber barrel/si l ica-phenolic nozzle composi te ,  a s i l i ca-  
phenolic chamber ,  b a r r e l  and nozzle composite and a graphite cloth-phenolic 
bar  rel/carbon cloth-phenolic nozzle composite chamber ,  

iv - I- Report  RMD 6028-F 
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Ignition Tes t s  

Reliable hypergolic ignition was demonstrated for  this prepellant com- 
bination with a var ie ty  of injectors at both sea  level and simulated altitude 
conditions Vortex injection tended to l e s sen  ignition delays a t  s ea  level L) 

However, s tar t ing t ransients  were  smooth in all cases  
o r  chamber configuration, Propellant sys tem variation , such as mixture  
ratio , t empera ture  , o r  moderate propellant leads , appeared to have l i t t le 
effect upon ignition delay. Temperatures  d o w n  to -320F were  employed, 

regard less  of injector 

TASK I1 - 2000 POUND SPACE THRUST INJECTOR EVALUATION 

Performance  Test,s 

Four  in jec tors ,  sized for  the 2000 pound space thrus t  l eve l ,  were  designed, 
fabr icated,  and tes t  f i r e d with OF,/B2& to determine attainable per form-  
ance levels  and to acquire heat rejection da ta ,  Two vortex injector con- 
figurations , a multiple doublet y and a coasxial  showerhead injector were  
tested at a nominal chamber pressure  of 110 ps ia .  
accomplished at the 2000 pound space thrus t  level with O b ' s  var ied  f r o m  
3.00 t o  4.16 at durations f rom 1.5 to 19 .3  seconds.  

Twenty-five f i r ings were  

The mid-diameter and full diameter vortex injectors  gave the highest 

while the multiple doublet r a n  at a low level of combustion effi- 
performance (92 ,5% to 100% c*) , the coaxial injector operated at 93 to 
94. 570 c*< 
ciency (78% to 81% c*) 
injector streaking was evident 

In all cases , combustion was uniform and no 

These performance figures a r e  baseline values since injector optimi- 
zation was beyond the scope of the program and was not attempted,, 
r e su l t s  of these (Task  11) investigations confirm the attainable performance 
levels demonstrated in previous studies at much 1 o w  e r ( Y  50 pound) 
thrust  levels 

The 
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I. INTRODUCTION 

The oxygen difluoride (OF,) /diborane ( B,H6) propellant combination has  
the following charac te r i s t ics  that make it desirable  for  spacecraf t  propulsion: 

~ , , e  high performance ,s the resul t  of a igh specific impulse and a high 

Another cha rac t e r i s t i c  con- 
bulk densi ty .  
tankage and reduced vehicle s t ruc ture  weight. 
tr ibuting to the high per formance  af OF,/B,H6 is  the comparat ively low gamma 
( r a t i o  of specific hea ts )  of the exhaust gases  as contrasted to that of such 
propellant'combinations as F2/&, N,04/50-50, e tc .  
f icant continuous inc rease  iq space specific impulse a s  nozzle expansion 
a r e a  r a t io  is increased .  (See Figure 1 .  ) 
exploratory investigations of advanced high a r e a  ra t io  nozzle concepts a r e  
demonstrat ing the desirabi l i ty  of low gamma propel lants .  

The high bulk density is important  since it pe rmi t s  s m a l l e r  

This r e su l t s  in a signi- 

Curren t  theoret ical  and analytical  

OF, and B,& have overlapping liquid tempera ture  ranges without the 
need fo r  the increased  s torage p r e s s u r e s  required by many other candidate 
space propellants to obtain the same range of liquid tempera ture  overlap.  
F u r t h e r m o r e ,  the liquid temperature  ranges  of OF, and B,HQ a r e  favorable 
with r e spec t  to space s torage.  
space for  long per iods of t ime without insulation o r  boiloff l o s s  venting opera-  
t ions;  for  the longer 
and high reliabil i ty.  
bination a l so  promote s sys t em simplicity and reliabil i ty.  

Consequently, OF, and Bz% can be s tored  in  

planetary explorations this  means  g rea t e r  payloads 
The re l iab le ,  hypergolic ignition of the OF2/B,H6 com-  

Initial experimental  rocket inve stigatlons with OFt/BzH6 were  conducted 
by Thiokol with corporate  funds.  
.! 50 pound t h r u s t  IC-;~! derA=cstrated hypergelir_ iunitinn and indicated the high 
pe r fo rmahce  and clean combustion potential of this  combination. 
a l so  included the preparat ion of sufficient OF, for  the t e s t  f i r ings  and f o r  

Two experimental  rocket  f i r ings at the 
C Y - - - - -  - -- 

This work 
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the evaluation of ma te r i a l s .  
and expanded under NASA Contract NAS-w-449. 
OF2 physical,  thermodynamic, and mater ia l s  compatibility propert ies  w e r e  
determined. Thrust  chamber f i r ings a t  the 150 pound thrus t  level demonstrated 
high performance over a wide range of mixture  r a t io s ,  demonstrated hypergolic 
ignition a t  s e a  level and simulated space conditions 
data f o r  engine design. These investigations a r e  descr ibed in detail in Thiokol- 
RMD Report  5507-F. 

These exploratory investigations were  continued 
Under the program pertinent 

and provided heat t r ans fe r  

In 1963, the OF2/k2% investigations were  continued under NASA Contract 
NAS-3-2553. These investigations, the subject of this r epor t ,  included: 

- A thorough evaluation of the effects of environment,  propellant 
s t a t e ,  and operating conditions on ignition. 

- An evaluation of re f rac tory  and ablative thrust  chamber mater ia l s  
by 150 pound thrust  chamber f i r ings.  

- Injector evaluations at  the 2000 pound thrus t  level to a s s e s s  p e r -  
formance,  durabili ty,  and heat t r ans fe r .  

The following sections of this repor t  descr ibe  in detail the investigations 
conducted under Contract NAS-3-2553 and the extremely encouraging r e s u l t s .  

REACTION MOTORS DIVISION 
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11. DISC USSlON 

A,  TASK I - ABLATIVE AND HEAT SINK MATERIALS EVALUATION 

1 .  Objectives of T a s k  I 

The  objectiire of this  task was the evaluatio2 of thrEst chamber  matkrials - 
f o r  use with OF2/B,H6 and the concomitant, high tempera ture  (6.530F) euviron- 
ment ,  The  mater ia l s  evaluation program logic was as follows: 

a. Pre l iminary  screening and analytical  ma te r i a l  selection using 
Thiokol-RMD I s proprietary analytical ablative and heat sink 
models  
Testing of the evaluation injectors  to a s s u r e  the attainment of 
high combustion efficiency and uniformity of combust iol .  
T e s t  f ir ings at the 150 pound th rus t  le\.el of t h rus t  chambers  
fabricated f r o m  the mos t  promising ma te r i a l s  evaluated in St.ep 

b o  

c "  

(4  0 

Additional investigations planned to develop design data f o r  OF,/B,Hg 
thrus t  chambers  were: 

d o  
e .  

Sea  level and vacuum ignition t e s t s ,  
OF, heat t r ans fe r  t e s t s  using a heated tuSe  appara tusc  

2 ,  Analytical Screening 

The  preliminary screening of containme$ ma te r i a l s  was accomplished 
by means  of Thiokol-RMD s analytical mode1"'of ablative and nonab1atEv.g 
heat sink mater ia l s  behavior. Since many ma te r i a l s  were  available and 
propellant supply l imi ted ,  this  screening was conducted p r i o r  to  the procure-  
ment  of the test specimens,  thus optimizing the commitment  of p rog ram furids 
toward this  activity. Br ie f ly ,  the analytlcal  model  de te rmines  e ros ion  r a t e s ,  
cha r  depths, and tempera ture  prof i les  by m e a n s  of a Tadial, one drmensioral  

:Go J. Tick,  G . R ,  Huson, and R. G r i e s e 3  Design of Abla+,ive Tkrkist Chambers  
-- and The i r  Mater ia ls ,  AIAA P a p e r  N o ,  64-261, P r e s e c t e d  at the First  AIAA 
Annual Meeting, Washington, D O C .  J i m e  29  - J u l y  2 ,  1964. 

- 4 -  Report  RMD 6328-F  
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t ransient  heat t ransfer  analysis 
niques on a high speed digital computer. The ablative mater ia l s  considered 
included s i l ica ,  graphi te ,  carbon,  zirconia,  magnesium oxide, and Refras i l  
re inforcements ,  impregnated with phenolic epoxy, nylon and BGna-N re s ins  
(and modified r e s i n s )  and f i l l e rs ;  the nonablating 
rials considered included tungsten , tantalum carbide s zirconium carbide s 

pyrolytic graphi te ,  and high density graphite 

solved numerically by finite difference tech- 

gas s ide ,  heat sink mate-  

These mater ia l s  were  evaluated for  the conditions to be established 
during the Task I fir ings : P c h  = 150 ps i a ,  O/F = 3 . 0 ,  F = 150 pounds (nominal)  
and,  conservatively,  at 100% c:k. Material property data (density, specific 
heat ,  heat  of ablation, e t c .  ) were  obtained f r o m  previous t e s t  f ir ings at RMD, 
reported tes t  f ir ings by other investigators and f r o m  the vendors .  

The resu l t s  of the analytical screening suggested that the graphite r e -  
inforced-ablative mater ia l s  would prove to be the mos t  durable ablating ma- 
te r ia l  combination and that tungsten would be the mos t  sat isfactory nonablating 
heat sink ma te r i a l .  
p rog ram for  ablative mater ia l s .  
inforced ablatives over the s i l ica  reinforced mater ia l  s is immediately apparent .  

Figure 2 depicts the generalized resu l t s  of the screening 
The superior  durability of the graphite r e -  

The predicted performances of the norialdating throat  configurations are 
summarized in Table I. On the basis of these predict ions,  th ree  combinations 
appeared promising: ( I )  a tungsten-2% molybdenum i n s e r t  retained in  a high 
density graphite subs t ra te ;  ( 2 )  a tantalum-coated high density graphite i n se r t ;  
and ( 3 )  a pyrolytic graphite washer-type inser t  
tivity of these m a t e r i a l s ,  however,  leads to problems at the in se r t  subs t ra te  
in te r face ,  necessitating backup insulation to  yrotect  the s t ruc tura l  component 
f r o m  overheating. 
insulation was available although in real i ty  development effort in this  a r e a  
is indeed necessary .  

The high thermal  conduc- 

In these predictions i t  was assumed that adequate subs t ra te  

P r i o r  t e s t  experience a t  Thiokol-RMD w:th N2Q4,hydrazine base fuels  had 
shown that a tungsten-molybdenum throat i n se r t  was m o r e  durable and r e -  
l iable than ei ther  a tantalum carbide coated graphite o r  a pyrolytic graphite 
washer  type throat  i n se r t .  Consequently, a tungsten-2% molybdenum throa t  
i n s e r t  was  selected ( r a t h e r  than either of the other two des igns)  for evalua- 
tion i n  this p rogram.  
graphite - sleeve for backup insulation was foreseen  to be a development beyond 
the scope of this p rogram,  alternate approaches were  sought, Thus,  ar,alyses 
of a tungsten-2vo molybdenum throat i n se r t  utilizing ce ramic  Insulation showed 
that a design utilizing zirconia insulation on a s tee l  sleeve assembled about the 
graphite heat sink is feasible fo r  short durations of up to  40 seconds.  

Since the fabrication of a durable P/2 inch thick pyrolytic 
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1 

I 

T A B L E  I 

SUMMARY OF N O N A B L A T I V E  M A T E R I A L  ANALYSIS 

Assy, Item Material and Thickness Temp at Inside Dia ( O F )  Nominal M u  Run Conditions Heat Soak Condition8 
No. 20 sec 180 S C C  Run Duration Temp.(OF) Run plus Soak Duration Temp.(OF) 

(8eC) (.ec) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Tungsten - 2% Molybdenum 
Graphite (ATJ) 
Silica Phenolic 
Stainless Steel Shell 

Tungsten - 2% Molybdenum 
Graphite (ATJ) 
Pyrolytic Graphte ("C'*) 
Silica Phenolic 
Ablatalite 
Stainless Steel Shell 

Tungsten - 2% Molybdenum 
Graphite (ATJ) 
Pyrolytic Graphite ("C") 
Ablatalite 
Stainless Steel Shell 

Tantalum Carbide 
Grabhite (ATJ) 
Silica Phenolic 
Stainlesa Steel Shell 

Tantalum Carbide 
Graphite (ATJ) 
Pyrolytic Graphite ("C") 
Ab1 atalite 
Stainless Steel Shell 

Zirconium Carbide 
Graphite (ATJ) 
Silica phenolic 
Stainless Steel Shell 

Pyrolytic Graphite ("C") 
Silica Phenolic 
Stainlesa Steel Shell 

€hgh Density Graphite 
Silica Phenolic 
Ablatalite 
Stainless Steel Shell 

High Density Graphite 
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The predicted e ros ions ,  char  depths,  and tempera tures  generated by - 

the screening program for  the individual t e s t  chambers  a r e  presented graphi- 
cally on the Task I performance summary  sheets  which appear  in  paragraph  
4d of this  section. 

These predictions were  published in the first quarter ly  r epor t  p r io r  to 
completion of the t e s t  f ir ing p rogram.  
performances in the summary  plots  shows remarkable  agreement  during the 
run and in  the subsequent heat soak per iod.  
predictive program to the higher tempera ture  OF,/B,Hb propellant combination 
is  a significant accomplishment of this project  in light of the ea r ly  uncertainty 
concerning the design and specification of containment for  high combustion 
temperature  propellants e 

Comparison of the actual and predicted 

The successful scaling of the 

3 .  Test  Injector Evaluation 

a .  Design 

The vortex injector designs chosen for use  in the mater ia l s  evaluation 
t e s t  f i r ings were  essentially water  cooled vers ions of the two highest p e r -  - 

forming heat sink injectors  used with these propellants in an  ea r l i e r  feas i -  
bility program (NAS-w-449). Water cooling was adopted for  the small  in- 
jec tors  to permi t  accomplishment of the ablative f i r ings a t  the ea r l i e s t  
moment.  

Both a full diameter  vortex (d iameter  of fuel injector = diameter  of 
chamber)  and a mid-diameter vortex (d iameter  of fuel injector < diameter  
of chamber)  were considered. Modifications necessa ry  to insure  durability 
over the planned long duration mater ia l s  evaluation f i r ings could be accom- 
plished only on the full d iameter  vortex due to  p rogram schedule l imitations.  
Consequently, the full diameter  vortex design (shown in F igure  3 )  was used 
in the ma te r i a l s  evaluation f i r ings .  
used in  the Task  I effort is shown in Table 11, 

A s u m m a r y  of injector configurations 

b.  Performance and Streaking Tes ts  

Nine t e s t  runs were  made  to establish the performance level and com- 
bustion uniformity of the evaluation design. 
high performance w a s  essent ia l ;  combustion tempera tures  and heat t r a n s f e r  
r a t e s  a r e  implicitly related to performance leve l .  

This verification of the expected 

8 -  - 
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6028 - 522 
Oxidizer Injector 

__ 

Fuel Injector 6020 - 334 

Figure  3 .  Materials  Evaluation F u l l  Diameter  Vortex Injector 
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The performance t e s t s  were  conducted with the copper heat sink chamber-  
Propellant flow was maintained at a constant r a t e  by cavi- shown in F igure  4. 

tating ventur is .  
used to  a s s e s s  uniformity of combustion. Since the ablation of these in se r t s  
does not change the chamber geometry significantly and a noneroding condi- 
tion is maintained, it is possible to acquire  both performance and s t reaking 
data  simultaneously.  

The t e s t  chamber  included low grade ablative i n s e r t  r ings 

The t e s t  data for the injector performance verification runs a r e  shown 

Combustion was uniform 
in Table 111. 
shifting equilibrium (Appendix C )  , was attained. 
and there  was no evidence of streaking o r  hot spots .  
to be ent i re ly  sat isfactory for use in  the subsequent mater ia l s  evaluation 
t e s t s .  

High combustion efficiency, calculated on the basis  of theoretical  

The injector was judged 

4. Mate rials Evaluation 

a.  Description of Chambers 

T h r e e  types of ablative chamber assembl ies  were  tested to evaluate 
chamber  materials: 

1.  Composite ablative with d iss imi la r  nozzle and chamber ma te r i a l s  

2 .  Monolithic ablative assembly 

3 .  Ablative chamber with re f rac tory  in se r t .  

The composite ablative chambers  used b a r r e l  l i ne r s  previously procured 

The chamber ba r re l  l i n e r s  were  flat (shingle)  wrapped,  while 

The nozzle in se r t s  were  cemented to  the ba r re l  l i ne r ;  both 

under Contract NAS-w-449 combined with nozzle in se r t s  procured under 
this p r o g r a m .  
the nozzle i n s e r t  reinforcement was oriented a t  a 90' angle to the th rus t  
chamber  axis. 
the b a r r e l  l i ne r s  and the nozzle in se r t s  were  bonded to a s ta inless  s tee l  s t ruc -  
tu ra l  shel l  by a layer  of Thiokol-RMD Ablatalite Type 1-A passive insulation. 

The monlithic ablative chambers  were  fabricated with a nominal 600  lay-  
up angle i n  both the b a r r e l  and throat.  

An ablative chamber with a r e f r ac to ry  throat  i n se r t  was a l so  evaluated. 
The r e f r a c t o r y  in se r t ,  tungsten alloyed with 2% molybdenum, was as sembled 

11 - - 
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in a graphite substrate.  
with zirconia (Rokide 2)  
l iner  and assembled into a s teel  s t ruc tura l  shel l .  

This assembly was backed by a s teel  sleeve insulated 
The en t i re  assembly was bonded to the b a r r e l  

The details  of construction of the chambers  evaluated during the t e s t  
p rog ram a r e  discussed in paragraph 4d. 

b .  Chamber Material  Quality Control 

Ablative mater ia ls  vendors were  required to  a t t e s t  to compliance with an 
RMD prepared  certification list which required the inspection and reporting 
of some 20 critical pa rame te r s  describing the ablative ma te r i a l s  supplied and 
the fabrication of ablative components. 
detailed information a s  the warp  and woof spacing of the reinforcement ,  
orientation angle during layup 
nents ,  e t c ,  

These requirements  included such 

radiographic inspection of the finished compo- 

The objective of the certif ication program was to insure  the repeatabil i ty 
of ablative mater ia ls  performance.  
fied by the similari ty of performance exhibited by chambers  fabricated a t  
Haveg f r o m  separate lots  of F iber i te  MX4500. 

The success  of this control i s  exempli- 

c . Chamber Instrumentation 

Thermocouple instrumentation consisted of tungsten/rhenium, platinum/ 
rhodium , chromel/alumel and copper/constantan junctions located in  the 
throat  plane,  the nozzle entrance plane,  and the 50% chamber coordinate 
plane. Depths ranged f rom within 0 . 0 6 0  in .  of the initial gas  side wall to 
the outer diameter of the s tee l  she l l s  with the thermocouple distribution 
determined by the analytical predications 

To examine the uniformity of the combustion p rocess  in the th ree  in- 
strumented thrust  chamber planes and to provide the redundancy necessa ry  
f o r  one-shot fir ings,  secondary thermocouples were  oriented at 9 0  deg rees  to 
the p r i m a r y  group. 
run to determine the thermocouple locations prec ise ly .  

All assembl ies  were  x-rayed before  and af ter  the t e s t  

d .  Tes t  Results 

A total of eight t e s t s  were  run  to  evaluate the performance of ablative 
o r  r e f r ac to ry  materials at  the 150 pound thrus t  level .  The resu l t s  of these 

- 14 - 
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b 

t-. 

. .1 

t es t s  a r e  summarized in Table IV and Figures  5 to 16 .  
data a r e  presented in  order  of decreasing performance.  
components, four graphite phenolic components, two p recha r red  graphite epoxy 
components, one carbon phenolic, and a tungsten molybdenum alloy r e f r ac -  
tory were  tested.  

The ablative t e s t  
F ive  si l ica phenolic 

The performance data fo r  all of the ma te r i a l s  evaluation tes t s  were  taken 
one second after s t a r t .  
equation : 

The c::: data were obtained by using the following 

where: Pch = measured  chamber p r e s s u r e ,  

At = initial throat a r e a ,  

wt = total propellant f low,  and 

g = gravitational constant,  3 2 . 2  ft/sec2. 

The c +  da ta  a t  shutdown (utilizing measured post-run throa t  a r e a )  were  within 
f l  . 57‘0 of the initial c::: level .  

T e s t  resul ts  indicate that the graphite phenolic ma te r i a l  has  the lowest 
e ros ion  r a t e  of the four types of ablative ma te r i a l s  evaluated, although both 
the s i l i ca  phenolics and the graphite hhenolics performed satisfactorily in 
the th rus t  chamber b a r r e l .  However, the superior  durabili ty of the graphite 
phenolic systems is  evident when performance in  the c r i t i ca l  throat region is  
considered.  Run 2AX38.13, a t e s t  of a monolithic F iber i te  MX45OO graphite 
phenolic chamber fabricated by Haveg, ran continuously for 43.6 seconds at  
a combustion efficiency of 967, of theoretical ,  corresponding to a theoretical  
f l ame  temperature  of 602OF. 
f r o m  a n  initial value of 146 ps ia  to 106 ps ia .  

During this t ime ,  chamber p r e s s u r e  decayed 

F igure  5 shows both actual and predicted chamber p r e s s u r e  for  this run 
as a function of t ime .  
post-run char  depths in bar  cha r t  form and a photo of the sectioned chamber 
in the post-run condition. 
seconds corresponds to an equivalent fluctuation in total propellant flow. It 
should be noted that no throat erosion occurred until approximately 1 i seconds.  

The figure a l so  shows both the predicted and measured 

The drop in the measured p r e s s u r e  value at  30 

- 1 5  - 
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Examination of the throat  revealed uniform eros ion .  
char  depth include the char  growth that continues a f te r  shutdown and into 
the soak per iod.  
was flowing through the chamber ,  providing some cooling which probably 
explained the lower values of measured char  depth in  the throa t .  
chamber wall  t empera ture  decayed f a s t e r  than predicted because of purge 
gas cooling. Tempera ture  v s  t ime  in the throat  plane for  typical thermo- 
couples i s  shown in  F igure  6 along w i t h  predicted values for  similar depths.  

The predictions of 

Following the actual run ,  however,  injector purge gas 

S imi la r ly ,  

The data  f o r  a second specimen of the s a m e  graphite phenolic,  MX4500, 
a r e  shown in F igure  7 for run 2AX3749 and b a r r e l  t empera ture  data in  F igure  
8 .  
tions f o r  this  run were  similar to  those of 2AX3843, but not identical  since 
the init ial  chamber  p r e s s u r e  and mixture ra t io  were  sl ightly different.  
r i o r  per formance  is again evident. 
fo r  the throa t  due to a thermocouple malfunction. 

This chamber ran for  the programmed 20 seconds The analytical  predic-  

Supe- 
No useful tempera ture  data  were  obtained 

Baaed orr p r o p e r t y  data supplied by the  vendor,  2 =recha r red  gra-phite 
epoxy ma te r i a l ,  AVCO X2018, showed the lowest predicted e ros ion  r a t e  of 
all the ma te r i a l s  analytically screened at the beginning of the p r o g r a m .  
Analysis of the t e s t  da t a ,  however,  indicated a slightly higher e ros ion  r a t e  
than fo r  MX 4500. The data for  two monolithic a s sembl i e s  of this ma te r i a l  
a r e  shown in  F igures  9 and 10 ( r u n  2AX3844) 
The predictions shown a r e  based on m o r e  recent  proper ty  data  
during the course  of the p rogram.  
f r o m  144 ps ia  to  112 ps ia  a f t e r  34.7 seconds of running at 94.270 of theoret ical  

seconds to  the end of the run  because of clogging of both the ups t r eam and 
downstream p r e s s u r e  taps .  Tes t  run 2AX3841 resul ted in  an injector  cooling 
passage  fai lure  at two seconds and water  was injected into the chamber .  
An automatic high p r e s s u r e  shutdown terminated the run  (due to increased  
mass flow) at 30.3 seconds.  As a r e su l t  of the cooling water  leak into the 
chamber  no correlat ions a r e  attempted 

and F igure  11 ( r u n  2AX3841. ) 
acquired 

Chamber p r e s s u r e  fo r  run 2AX3844 decayed 

::< Chamber p r e s s u r e  data  for run 2AX3844 had to be extrapolated f r o m  28 

A graphite cloth-phenolic ba r re l  and silica-phenolic nozzle composite 
chamber  ranked next in  performance.  
chamber  a r e  presented in  F igu res  12 and 1 3 .  
wrapped USP 5064 graphite cloth was used for  the chamber  b a r r e l ,  and a 
laminated 90 degree orientation Thiokol-PaneLyte RAP 3002 s i l ica  cloth- 
phenolic was used in  the nozzle.  
g r e a t e r  than in  the monolithic graphite-phenolic chambers  

Tes t  data  ( r u n  2AX3747) fo r  this  
Phenolic impregnated,  shingle- 

Erosion was i ~ . = i  f o r rn, but was 
The run was 

29  - - 
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terminated at 15.4 seconds by the automatic p r e s s u r e  cutoff 
p r e s s u r e  decayed to 75 ps ia .  
quisition of useful tempera ture  data i n  the throat  plane.  

when the chamber  
Instrumentation difficulties precluded the ac -  

A laminated silica-phenolic nozzle (90 degree orientation) of USP 5067 

The run  was terminated at 10 .3  seconds due to a com- 

was 
a l so  run with a shingle-wrap chamber l iner  of 
( t e s t  run 2AX3748) 
bustion gas sea l  leak. 
the sea l  l eak .  
char  depth was good. Interestingly,  the char  depth in  the b a r r e l  and nozzle 
was much lower than that of the graphite cloth-phenolics, but e ros ion  was high 
This thin char  l a y e r  i s  the r e su l t  of higher pseudo-steady s ta te  dimensional 
ablatiop and the lower conductivity of the s i l i ca  phenolic 
graphite cloth phenolic ma te r i a l .  
resul ted in  the loss  of tempera ture  data for  this run .  

USP 5067 s i l ica  cloth-phenolic 

Behavior w a s  predictable ( F i g u r e  14)  up to the t ime of 
Throat e ros ion  was uniform and correlat ion with the predicted 

as compared to the 
Unfortunately, a s tepper  switch malfunction 

Additional composite ablative chamber  data  were  obtained f r o m  a b a r r e l  
l i ne r  of shingle-wrap 
nozzle i n s e r t  of Thiokol-Panelyte RAP 2002 carbon cloth-phenolic (F igu re  15 
run  2AX3746). The run  was terminated a t  2 . 9  seconds due to  a diborane leak  
in  the tes t  stand manifold. 
This is attr ibuted to abnormally high (54%) r e s i n  content,  which was probably 
contributory to the apparent spalling of the carbon cloth. 
the predicted char  depth tempera ture  gradients in  the ablative wall was attempted 
s ince the fuel leak resul ted in  a n  off-mixture ra t io  operation. 

U S P  5064 s i l ica  cloth-phenolic and a 90  degree  laminated 

The throat  eroded appreciably f a s t e r  than predicted.  

No cor re la t ion  with 

Analytical predictions showed that the graphite re inforced ma te r i a l s  would 
have the lowest erosion r a t e s  and that s i l i ca  re inforced ma te r i a l s  would erode 
at a much higher r a t e .  The bet ter  theoret ical  and subsequently confirmed 
test behavior of the graphite ma te r i a l s  can be at t r ibuted to their  higher t he rma l  
conductivity and resultant lower gas side wall  t empera ture  a 

forcement  mater ia l s  a l so  have higher melting t empera tu res  ( sublimation in  the 
case  of graphi te)  than the s i l i ca  o r  g lass  re inforcement  ma te r i a l s .  
performance of graphitic ma te r i a l s  with e a r t h  s torable  propellants has  not been 
as good a s  that  of si l ica at combustion t empera tu res  of approximately 5600F and 
is attr ibuted pr imar i ly  to the strong oxidizing a tmosphere  and water  content 
of ea r th  s torable  propellant combustion products 
was  not apparent  at the 6530F combustion tempera ture  with OF7./B2% propellants 

The graphitic re in-  

The pas t  

However, this  disadvantage 

The tungsten/molybdenum alloy nonablative throa t  ( r u n  2AX3845, F igure  16)  
was run with a s i l ica  phenolic chamber  l i ne r  fabr ica ted  by Thiokol-Panelyte. 

- 30 - 
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The inse r t  was in excellent condition af ter  a 7 .6  second run that was t e r m i -  
nated by a p r e s s u r e  tap fai lure  near the injector end of the chamber .  How- 
e v e r ,  chamber p re s su re  was constant 
shown in F igure  16. 
hardware capability, the effects of temperature  were  not manifested at the- 
thermocouples until af ter  shutdown and consequently a r e  not shown. Sec- 
tioning of the chamber  was not considered, since the chamber  is s t i l l  in  good 
condition 

according to a second p r e s s u r e  tap a s  
Since the run duration represented only 2570 of the 

and might be useful in  further s tudies .  

e .  Materials Evaluation Summary 

Brief ly ,  the resu l t s  of the Task I ablative mater ia l s  t e s t s  a r e  as follows: 

Chamber Materia1.s Tes t  Duration ( s e c )  AA Throat  (YO) 

1 .  

2 .  

3 .  

4 .  

5.  

6 .  

7.  

Monolithic F iber i te  MX4500 
(Graphite Phenolic) 

Monolithic F iber i te  MX 4500 
(Graphite Phenolic) 

Monolithic AVCO X2018 
( P r e c h a r r e d  Graphite Epoxy) 

Monolithic AVCO X2018 
( P r e c h a r r e d  Graphite Epoxy) 

U S P  5064 B a r r e l  
(Graphite Cloth Phenolic) 
RAP 3002 Nozzle 
(Sil ica Phenolic) 

U S P  5057 B a r r e l  and Nozzle 
(Si l ica  Phenolic) 

U S P  5064 B a r r e l  
(Graphite Cloth Phenolic) 
RAP 2002 Nozzle 
(Carbon Cloth Phenolic) 

43.6 40 

20.85 

34.7 

30 .3  

15.35 

10.28 

2.86 

21 

30 

29 

75 

52 

81 
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- Analytical studies show that nonablating throat  configurations 
( i o  e o ,  re f rac tory ,  ce ramic ,  o r  re f rac tory  composi tes)  hold 
promise for l imited duty cycles ,  
rations is l imited pr imar i ly  by the heat sink capacity of the in- 
s e r t  and substrate  and back-up insulation effectiveness within 
reasonable envelope and weight requirements  (I Unfortunately, 
an instrumentation failure on a chamber assembly utilizing a 
tungsten-molybdenum throat i n se r t  precluded full evaluation of 
this configuration 

The application of such configu- 

5,  Design Data Tes ts  

a ,  Objectives 

Two other tes t  p rograms were  conducted with the OFz/B2% propellant 
sys tem under Task I. The f i r s t  was a study of the ignition behavior of the 
OF&,% combination; the second was an investigation of the heat t r ans fe r  
proper t ies  of OF, by heated tube techniques Each of these investigations,  
p rogrammed to generate factual design data  for high tempera ture  combus- 
tion containment, is discussed separately and in  detail  in the following sect ions.  

b Ignition Studies 

( 1 )  Introduction - The hypergolicity of the OF,/B,& combination, a t  
both s e a  level and space conditions, was established by RMD under Contract  

3 2  - - 

~ ~ ~ ~ 

The hard throat (tungsten-2% molybdenum alloy in se r t )  configuration 
experienced no erosion af ter  7 6 seconds of operation in a t e s t  prematurely 
terminated as a result of an  instrumentation fa i lure .  

f a  Materials Evaluation Conclusions 

The following conclusions have been drawn regarding the 150 pound 
thrust  chamber mater ia ls  evaluation program: 

- Based on both the analytical predictions and the t e s t  data  obtained 
in this p rogram,  present  s ta te  of the art ablative ma te r i a l s  a r e  
found to behave in a predictable manner  with OF2/B2&. The data 
f rom four t e s t  f ir ings indicate that the durabili ty (e ros ion  r a t e )  
of graphite cloth reinforcement mater ia l s  with these propellants 
is approximately equivalent to that of the s ta te  of the art s i l ica-  
phenolic mater ia l s  with N204/50-50 s 

- The graphite reinforced ablative mater ia l s  demonstrate  the 
lowest erosion r a t e s  

I 
E 
I 
I 
I 
1 
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NAS-w-449 
employed uncooled, unjacketed lines between the propellant valves and the 
injector 
level injection o r  altitude ignition character is t ics  

However, the t e s t  setup employed in that s e r i e s  of experiments  

Consequently, i t  was not possible to  investigate liquid phase ,  s e a  

A definitive investigation of the ignition propert ies  of OFz/B2H6 was 
conducted under Contract NAS-3-2553 at  a nominal 150 pound thrus t  level.  
Both the injector and the propellant l ines were  jacketed in variable tempera ture  
baths The tes t  p rogram was statistically designed to pe rmi t  the isolation 
and identification of significant variables in the ignition p rocess  and a l so  to  
generate pertinent design information 
ambient p r e s s u r e  leve l ,  oxidizer vs fuel leads ,  propellant inlet t empera tu res ,  
chamber  tempera ture ,  mixture  ra t io ,  chamber geometry,  and injector type a 

The var iables  examined included 

( 2 )  Tes t  Hardware - Three different injector types were  used in  the 
ignition studies: the full diameter  vortex,  the mid-diameter  vor tex ,  and a 
doublet configuration injector These injectors were  mated to t ransparent  
p l a s t i c  cl;arlbers equipped . r r ; + h  0clnnP-c n - c  c t n n l  n n n n l n ~  

" " A C I I  .Cvyy-* " I  - -vu*  A*"""*-- 

A stainless  s teel  tube replaced the plast ic  chamber  for th ree  t e s t s  to 
pe rmi t  cooling the ent i re  engine to -320F ;  the plast ic  tube would shat ter  upon 
ignition i f  precooled to this temperature ,  The s tee l  tube was fitted with a 
nozzle orifice in the side .of the chamber and a plastic end plate replaced 
the nozzle to permi t  photographing the ignition sequence, 

( 3 )  
( t o  preclude propellant holdup o r  puddling in the chamber)  a s  shown in F igure  
1 7 .  Both the injector and the propellant l ines were  placed in cooling baths 
to prevent propellant vaporization (F igures  18 and 1 9 )  
propellant line f rom the propellant valve to the injector was approximately 
3 i n O 3 ,  including the p r e s s u r e  transducer line and the purge l ine back to 
the check valve,  

Tes t  Setup - The ignition test  engines were  mounted ver t ical ly  

The volume of each  

The injector was mounted on the bottom of the propellant bath (F igu re  

A 
19)  with the chamber and nozzle mounted vertically below. The nozzle 
was connected to a 40 gallon vacuum tank by a two inch pipe and elbow. 
blow-off disc  relieved the p re s su re  in the tank af ter  ignition. 

(4) Data Acquisition - The entrance of the lagging propellant into the 
thrus t  chamber and the ignition of the propellant mixture  a r e  the end points 
of the ignition delay per iod.  The determination of these two points was 

33 - - 
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Figure  17. Ignition Test  Setup 
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6028- 188 

Figure  18. Propellant Valves and Cooling Baths 

6028- 189 
Figure 19. Doublet Injector in Cooling Bath 
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I 

Propellant State 

Liquid 

Liquid 

Liquid 

Gaseous 

somewhat complicated due to the cryogenic nature of the propellants and the 
nature  of the tes t  apparatus ,  

P r e s s u r e  Environment In j e c to r 

s o  L o  Vortex 

S O L O  Doublet 

A1 t i tud e Vortex o r  Doublet 

S o  Lo o r  Altitude Vortex o r  Doublet, 
F o r  Ei ther  Environment 

F o r  example, the entrance of the propellant could not be determined 
precisely simply by using the valve timing and a f lowrate ,  since the propellant 
changed density ( o r  even s t a t e )  while flowing, 
a s  photographic data,  injector p r e s s u r e  da ta ,  chamber p r e s s u r e  data  o r  
tempera ture  measurements  at  the injection or i f ices )  were  used to detect  
the presence  of propellant whenever possible .  

Thus,  a l ternate  means  ( s u c h  

Consequently, although the s a m e  definition of ignition delay ( t ime  elapsed 
between entry of the second propellant and ignition) is used in all c a s e s ,  the 
techniques used to determine these two events var ies  f rom case  to c a s e ,  
depending on the conditions imposed by the experiment.  

A variety of techniques were  employed to insure  the acquisition of 
meaningful data  These included high speed cinematography, high response  
p r e s s u r e  t ransducers ,  low mass thermocouples , and light intensity (photo- 
e lec t r ic  ce l l )  instrumentation. 
oscillographic recorders  and magnetic tape 
t e s t  data for  a typical run is  shown in F igu re  2 0 ,  

The data  were  recorded simultaneously on 
A playback of taped ignition 

( 5 )  Tes t  Results - Analysis of the ignition data for  the var ious configu- 
ra t ions and conditions discussed in the previous sections indicates that they 
can be classified in four general  groups 
a r e  s imi l a r ,  

within which the charac te r i s t ics  
These groups a r e  shown in Table V ,  

TABLE V 

IGNITION TEST DATA GROUPS 

I I 1 

36 - - 
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Variation of the other tes t  pa rame te r s ,  such a s  chamber  con- 
figuration,temperature,  mixture  ra t io  , and propellant leads and 
lags  within these groupings, had l i t t le o r  no effect on ignition cha r -  
ac te r i s t ics ,  
t e s t  resul ts  a r e  given in Tables  VI1 and VIII, 

The t e s t  conditions a r e  summarized in Table VI; the 

Run duration was established by a p rese t  t i m e r  ra ther  than 
chamber  pressure ,  Consequently, steady state chamber  p r e s -  
s u r e  was not attained in every run. However, combustion was 
continuous f rom t ime of ignition in all cases  ; no flameouts 
occurred .  

0 Gaseous Propel lants  ( T e s t s  25, 26,  27; see  
T ables VI1 and VIII) 

Gaseous injection of diborane and OF, produced reliably 
hypergolic ignition both a t  sea  level and at simulated alt i tudes.  
Ignition delays of 9 to 16 m s e c  were  recorded fo r  the two t e s t s  made  
a t  altitude and 14 m s e c  for  the one t e s t  made  at s e a  level. 
t imes  a r e  based on the initial r i s e  of injection inlet p r e s s u r e s  and 
chamber pressures  since gaseous propellant entry into the chamber  
could not be observed visually o r  be otherwise reliably detected 
with the various instrumentation methods used, 

These  

When both propellants were  injected almost  simultaneously at 
altitude ( T e s t  2 5 ) ,  ignition was rapid ( 9  m s e c )  and smooth,  
diborane lead of 10 m s e c  ( T e s t  26 )  at altitude resul ted in a 
slightly longer delay (16 m s e c )  with a shor t  p r e s s u r e  spike on 
ignition, A long OF, lead at s e a  level  ( T e s t  27)  resul ted in a 
small pressure  peak a t  ignition followed by a smooth r i s e  to steady 
s ta te  

A 

Although all  th ree  t e s t s  were  made  with the mid-d iameter  i n -  
jec tor ,  it i s  not expected that the injector type would have a s1.g- 
nificant effect on ignition when the propellants were  injected in the 
gaseous state, based on the many altitude t e s t s  in which Prqud 
propellants vaporized before initial injection, 

- 38 - 
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e Vortex Injector at Sea Level ( T e s t s  21, 23, 24, 
29; see Table  VII) 

The  resu l t s  of a l l  s e a  level tes t s  with liquid propel lar ts  a r e  
summar ized  in Table VII, Propellant entry t imes  for all s ea  level 
t e s t s  a r e  based on the initial injector p r e s s u r e  rises since this was 
the only measurement  available in these t e s t s ,  
not observe the propellant injected l a s t  and the thermocouples could 
not always distinguish between propellauts because of the s : z e  of the 
hardware.  
c a m e r a ,  o r  chamber p re s su re  da ta ,  it-_ that o r d e r  of pfefeverice 
when all indicators a r e  not available 01" one i s  questuonable. 

The  c a m e r a  could 

Ignition t ime is based on solar  bat tery S F)? J ~ C C  ell)  

The four liquid propellant tests with vortex injection had oxi- 
d izer  leads of 40 to 50 msec .  
in T e s t  21 with the full diameter vortex injector submerged 1n 
a liquid nitrogen bath and in Test  23 
vor tex  injector submerged in  a water bath, the ignition delays 
were  essentially zero.  In Tes ts  24 and 29 with the mid-diameter  
vor tex  injector in a d ry  ice bath, the ignition delays were: otdy 
23 to 24 m s e c .  

Reference to Table  VI1 shows that 

with the mid-diameter  

Comparison of these four tes ts  (vortex in jec tors )  wiih 
shows the significant the  doublet injector t e s t s  in Table VI1 

effect  of the injector type on ignition delays at sea level  condn- 
tions. Ignition delays with the vortex injectors  were  l e s s  than 25 
m s e c  in ever  case ,  while the delays with the doublet, i n jec to r  were  
well over  100 m s e c  in every test but one, 

The  effects of the other var iables ,  s ~ c h  as  propePYa?? lead,  
mix ture  ra t io ,  temperature ,  etc, were of secondary nature over 
the r a the r  wide range of conditions investigated. A s  might be 
expected, it would appear that good liquid-phase mixing of the 
propellants is required for good ignition characters s t i c  s when the 
propellants a r e  injected primarilv as 1iCIuAdS The ~ m p :  cgement  
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TABLE VI11 

IGNITION DELAYS FOR ALTITUDE TESTS 

Ignition 
Lead Time Delay Time Altitude 

Test  N o .  Injector Type Leading Propellant ( m s e c )  (msec)  ( f t )  

5 

6 

10 

11 

12 

14 

16 

17 

18 

19 

20 

22 

25 

26 

28 

30 

Doublet 

Doublet 

Doublet 

Doublet 

Doublet 

Doublet 

Full Dia Vortex 

Full Dia Vortex 

F u l l  Dia Vortex 

Full Dia Vortex 

Full Dia Vortex 

Mid-Dia Vortex 

Mid-Dia Vortex 

Mid-Dia Vortex 

Mid-Dia Vortex 

Mid-Dia Vortex 

ox 

ox 

ox 

ox 

ox 

-- 
- -  
o x  

o x  

o x  

o x  

-- 
Fuel (gaseous)  

Fuel (gaseous)  

o x  

Fue 1 

19 

15 

63 

52 

87 

0 

0 

49 

a 

4 

91 

0 

2 

10 

7 

21 

20 

2 2  

4 

8 

-- 
-- 
3 3  

1 

43 

38 

19 

42 

9 0 )  

16(') 

44 

51 

75,000 

55,000 

56,000 

59 ,000  

55,000 

75,000 

84,000 

87,000 

60,000 

50,000 

80,000 

67,000 

59,000 

74,000 

60,000 

73,000 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Note : Propellant lead determined by difference in  propellant valve opening indication 

ignition delay for  these tes t s  i s  determined by the t ime difference between ignition 
as seen by the camera  
(1) Ignition delay determined by IPO r i s e  to Pch  r i s e  

and the lagging propellant valve opening indication. 

42 
Report RMD 6028-F 

~- 



7&k& 
REACTION MOTORS DIVISION 

of the liquid oxidizer s t r eams  upon the fuel stre- confined by 
the tangential injector in the vortex design insures  proper  mixing 
under these conditions. 

0 Doublet Injector at Sea Level  ( T e s t s  1 ,  2 ,  3, 4, 
7 ,  8, 9 ,  13, 15) 

The  resu l t s  of these t e s t s  a r e  a lso summar ized  in Table 
VII; propellant entry and ignition t i m e s  a r e  defined a s  in the 
previous section . 

In general ,  the t e s t s  with the doublet injector conducted 
under conditions s imi la r  to the vortex injector t e s t s  resul ted in 
significantly longer ignition delays. These  delays a r e  probably 
due to the poorer  mixing of the liquid propellants in the doublet 
injector.  

In the doublet injector,  the fuel i s  injected axially and the 
oxidizer injected at a 45' angle toward the fuel f rom a l a r g e r  
d iameter .  Although the s t ream lengths were the same a s  in 
the vortex injector, physical mixing w a s  not a s su red  by mechan- 
ica l  means ,  such as the splash-plate effect  
fue l  injector inherent in the vortex design. 

Comparing T e s t s  1 and 4 (made under 
except that fuel was injected f i rs t  in Test  1:  

of the tangential 

dentical conditions 
there  was no signif- 

icant difference in ignition delay between a moderate  ( 
oxidizer o r  fuel lead. 
oxidizer lead, the delay was also about the same when the injector 
and propellant manifolds were  conditioned to  -320F in the liquid ni t ro-  
gen bath. 

20 m s e c )  
In T e s t  15, with approximately the same 

Aithough reiativeiy iong oxidizer leads ( 8 1  arid 75 ilisec, i-e- 
spectively) were  employed in Test 8 at ambient tempera tures  and 

- 
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Tes t  9 at  -320F,  the ignition delays were  somewhat shor te r  than the 
corresponding tes t s  with m o r e  moderate  propellant leads However, 
when the oxidizer lead was increased to 110 m s e c  in T e s t  13 with the 
injector at  -320F, the grea tes t  delay (216 m s e c )  was experienced 
with a pressure  peak grea te r  than steady-state chamber  p r e s s u r e .  
Although sufficient runs were  not made  to determine the envelope of 
lead t imes  which can be used without affecting ignition delay,  i t  appears  
that  moderate leads of either propellant a r e  sat isfactory.  

Simulated Altitude Tests  ( T e s t s  5 ,  6 ,  1 0 ,  11, 1 2 ,  
14 ,  16 ,  1 7 ,  18,  1 9 ,  20, 2 2 ,  2 5 ,  2 6 ,  28,  30;  see 
Table VIII) 

In the simulated altitude t e s t s  with both the vortex and the doublet 
in jec tors ,  the propellants initially entered the combustion chamber  
a s  gases  and ignition took place rapidly in the gas  phase ,  
tion delays could not be measured  direct ly  because there  was no 
visible indication o r  satisfactory means of determining when each 
propellant f i r s t  entered the chamber .  

The igni- 

The ignition delays shown in Table VIII, therefore ,  a r e  based on 
the t ime between the opening signal f r o m  the lagging propellant valve 
and the f i rs t  indication of ignition on the high speed film, 
be noted, therefore ,  that the delay t imes  shown a lso  include the t ime  
necessary  for the propellants to reach  the chamber af ter  the valves s t a r t  
to open. The s t a r t  of injection p r e s s u r e  r i s e  could not be used a s  an 
indication of when propellants had entered the chamber  under altitude con- 
ditions. This w a s  because in all cases  ignition was observed well before 
the oxidizer injector p r e s s u r e  began to r i s e  and in some cases  before  
the fuel injector p r e s s u r e  began to r i s e  with both the doublet and the 
vortex injectors 

It should 

Although both propellants were s tored in the t e s t  sys tem in low 
temperature baths to insure  liquid condition and low vapor p r e s s u r e ,  
both propellants vaporized in the manifolds when the propellant valves 
were  opened during simulated altitude t e s t s  a Vaporization occurred  
even when the injector and manifolds were  submerged in low tempera ture  
baths 

- 44 - 
Report  RMD 6028-F 



REACTION M O T O R S  D I V I S I O N  

To some extent the degree of vaporization is undoubtedly af- 
fected by the propellant feed system design. 
there  was approximately 18 inches of tubing between the propellant 
valves and the injector in  o rde r  to accommodate the var ious 
tempera ture  baths , ventur is ,  and instrumentation l ines  This 
length could be reduced, of course,  for a specific application. 

In this t e s t  setup 

In these altitude t e s t s ,  ignition occurred at d i sc re t e  points 
corresponding to the injector or i f ices ,  indicating relatively small  
initial gas  flowrates.  
of the vortex injector o r  to the injector end of the chamber  for a 
period of 20 to 40 m s e c  before flowrates were  high enough to  f i l l  
the chamber ,  When liquid propellants did enter the chamber ,  the 
transit ion to steady s ta te  was smooth with no chamber p r e s s u r e  
peaks.  
intentionally injected as gases  , the ent i re  chamber became il lumi- 
nated within 0.17 m s e c  - the time between f r a m e s  of the Fas tax  
camera at 6000 frarnes,/sec. 

Combustion was confined to the annulus 

In the three  t e s t s  (25 ,  26, 2 7 )  in which the propellants were  

In summary ,  altitude ignitions occurred in the gas  phase due 
to low ambient p re s su re  regardless  of sys tem tempera tures  
Although exact ignition delays could not be ascer ta ined because 
the entry of the gases  into the chamber could not be detected,  
ignition delays were  small. 
type of injector had no significant effect on ignition charac te r i s t ics  
under altitude conditions . 

Contrary to the s e a  level  t e s t s  , the 
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( 6 )  Conclusions - Based on the resu l t s  of the ignition t e s t  p ro-  
g r a m ,  the following conclusions can be drawn: 

- The propellant combination oxygen difluoride/diborane 
i s  reliably hypergolic over the simulated altitude range 
investigated f rom sea  level to 8 7 , 0 0 0  f t .  

- Ignition occurred  in the g a s  phase in simulated altitude 
t e s t s .  
su re  r i s e  smooth. 

Ignition delays were  shor t  and chamber p r e s -  

- Chamber and injector configurations had l i t t le effect  
on ignition charac te r i s t ics  at altitude. 
system variat ions,  such a s  tempera ture ,  moderate  
propellant leads and l a g s ,  mixture  ra t io ,  e tc .  , a lso  
had l i t t le effect on ignition charac te r i s t ics  
the length of the propellant manifolds between the valves 
and the injector should be minimized to minimize 
vaporization and the t ime required to f i l l  the manifolds. 

Propellant 

However, 

- The injector design has  a significant effect on ignition 
delay at  s e a  level.  The delays with the vortex injectors  
were  significantly l e s s  than with the doublet injector 
Good liquid phase mixing i s  required for  minimum igni- 
tion delay. 
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c.  OF, Heat T rans fe r  

( 1 )  Objectives - The  objective of this  effort was the determination of 
the liquid side heat t ransfer  coefficients and upper l imit  of nucleate boil- 
ing of OF,. A sharp  change in the coefficient occu r s  when the upper l imi t  
of nucleate boiling is reached since the s ta te  of the boundary film changes 
f rom liquid phase to two phase (liquid with nucleation) to gaseous.  This  
point, therefore ,  represents  the useful upper limit of the propellant as  a 
coolant and defines the burnout flux. 

( 2 )  T e s t  Apparatus - The apparatus used to conduct this  investi-  
gation was assembled  and tes ted with liquid N, under Contract  NAS-w-449. 
It i s  shown schematically in Figure 21. 
s torage and receiving tank connected by a piping sys tem containing the 
necessa ry  valving and instrumentation (F igu re  2 2 )  
receiving tanks a r e  immersed  in  a bath of liquid nitrogen to keep the OF, 
in the liquid state. 
heated thin-walled tubing. 

Essent ia l ly ,  it consis ts  of a 

The s torage and 

Inser ted in the flow line is  a section of e lectr ical ly  

T h e  heat flux rejected to  the OF, in this section can be calculated 
The  outer  wall f r o m  the known output of the electrical  power source.  

t empera tu re  of the tube is measured by thermocouples and the inner 
wall t empera tu re  is obtained by subtracting the tempera ture  drop through 
the wall ,  calculated f rom the known tube geometry and ma te r i a l  propert ies  
and the heat  input. The bulk temperature  of the OF, i s  obtained by a v e r -  
aging the OF, inlet and outlet temperatures  The  heat t r ans fe r  coefficient 
of the f i lm can  then be calculated from the difference in t empera tu res  
and the heat input a 

( 3 )  T e s t  P rocedure  - Propellant was flowed through the test s ec -  
tion while simultaneously applying heat.  The  heat ,  supplied as elec-  
t r i c a l  energy f r o m  a DC welder,  w a s  applied to  the test section a f t e r  
propellant tempera ture  at the inlet to the test section had stabilized, Tank 
s ize  l imited run durations to a maximum of 45 seconds at a velocity of 
30 f t i s ec .  
changing welder output) on the initial t es t s ;  however,  because of the 
shor t  run  duration, only one level of heat input per  run was made  on sub- 
sequent t e s t s  to insure stable operating conditions and equilibrium 
t empera tu res .  

Severa l  heat input levels were  attempted in each run (by 

( 4 )  T e s t  Resul ts  - Seven heat t r ans fe r  t e s t s  were  made  with OF,. 
These  tests were  made with the OF, flowing through the t e s t  section at a 
nominal velocity of 30 ft /sec a t  approximately 150 psia outlet p re s su re .  
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Pressurizing Gas + 1 

Receiver  Tank 

Vent 

Liquid Bypass Valve 

Test Specimen 

D. C .  Welder Input 

Figure  21. Schematic Heated Tube Tes t  Apparatus 
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5507-4 F i g u r e  22. Heated Tube Heat Transfer  T e s t  Setup 
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Review and analysis of the tes t  data  indicated an imbalance in 
the t e s t  section energy input and output. 
sistently indicated higher energy inputs than the OF2 bulk tempera ture  
r i s e  would confirm. Fur the r  analysis indicated that the apparent tes t  
data e r r o r  was caused by a paral le l  cur ren t  path not uncovered, al- 
though specifically checked f o r ,  during t e s t  stand checkout and opera-  
tion. 
section measured res i s tance  with that calculated f r o m  the voltage -am- 
perage data .  
appears  that  the maximum power passed into the t e s t  section during the 
OF2 tes t s  was only 60 percent of that based on welder output (vol ts  x 
amps )  
this contract  precluded rerunning the t e s t  under m o r e  closely con- 
trolled conditions. 

Voltage-current data con- 

This inconsistency is substantiated by a comparison of the t e s t  

Using the measured  res i s tance  of the t e s t  section, it 

Unfortunately, the l imited scope of the heat t ransfer  effort on 

The maximum heat flux that could have been obtained during these 
tes t s  (based  on the measured  res i s tance  of the t e s t  section) is 1 11 
Btu/sec-in . Theoretical  calculations predict  a burnout flux of 1 6 
Btu/sec-in2 for  the t e s t  conditions e 

2 

Additional experimentation under m o r e  closely controlled t e s t  con- 
ditions and more reliable data measurements  a r e  necessary  to de t e r -  
mine OFz burnout flux leve ls ,  
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B. TASK I1 - INJECTOR EVALUATION, 2000 LB - SPACE THRUST LEVEL 

1 a Objectives 

The objective of Task  I1 was the evaluation of four injector configurations, 
t h ree  of which were  previously evaluated at the 150 lb thrust  level ,  in o r d e r  to 
provide comparisons of performance, durability and heat t r ans fe r  at the 2000 
pound space thrust  level. Injector evaluations were made on the bas i s  of 
charac te r i s t ic  velocity, s ea  level thrust  coefficient and specific impulse , and 
also included investigations of streaking. 

2. T e s t  P r o g r a m  

Twenty-five t e s t  f ir ings were  conducted to obtain the data  required to  
mee t  the Task  I1 objectives. These were divided a s  follows: 

Injector F i r ings  

Mid-Diameter Vortex 6 
Modi fie d Mid- Diamete r Vortex . 5  
F u l l  Diameter Vortex 5 
Coaxial Showerhead 6 
Multiple Doublet 3 

A s  originally planned, each injector was to be subjected to  five perform- 
ance t e s t s  (over  a selected O / F  range) followed by a 20 second duration firing 
to generate  heat t r ans fe r  data. 

P r i m a r y  emphasis was placed on the performance evaluations since in- 
jec tor  fabrication and durability problems were encountered ear ly  in the program. 
The  heat t ransfer  t e s t s  were rescheduled for  the end of the program;  sat isfactory 
injector fabrication techniques were developed and a 19.3 second duration firing 
was accomplished with the mid-diameter vortex injector.  

Per formance  and streaking data were obtained fo r  all four injector con- 
figurations.  
d i ame te r  vortex injector.  
injector was terminated by an injector braze  joint fa i lure  and no useful heat 
t r a n s f e r  .lata w e r e  obtained. 
doublet injector,  since the poor performance (I8070 c*) of this configuration 
would not have yielded useful data; modifications to incorpdrate a dual oxidizer 

Water cooled heat t ransfer  data were obtained only with the mid-  
One test conducted with the f u l l  d iameter  vortex 

No heat t ransfer  f ir ings were  attempted with the 
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inlet manifold in the coaxial showerhead injector could not be completed in 
sufficient time to allow running heat t r ans fe r  f i r ings within the l imits  of th i s  
program e 

3 .  T e s t  Hardware 

a.  Injectors 

Four  injector types designed for  the 2000 lb  space thrust  level were  
tes ted at  s ea  level to determine the attainable level of performance: a c o -  
axial showerhead, an impinging s t ream doublet, a mid-diameter  vortex,  and 
a full diameter vortex.  The designs of the vortex injectors  and the doublet 
injector were based on those evaluated on the pr ior  contract  ( N A S - w - 4 4 9 ) .  
These  injectors were designed on the bas i s  of previously established para-  
m e t e r s .  No attempt to optimize 2K injector performance was made .  It i s  
expected that a th ree  o r  four percent increase  in performance could be a t -  
tained through injector optimization, particularly with vortex injectors .  The  
coaxial showerhead injector configuration ( the only injector design not evaluated 
previously) was selected a f te r  an extensive survey of injector types.  
m a r y  of the injector hardware used in T a s k  I1 is given in Table IX. 

A sum-  

( 1 ) Mid-Diameter Vortex Injector - The mid-diameter vortex (F igu re  
2 3 )  is  so  named because the fuel injector is sma l l e r  than the chamber  b a r r e l .  
Fuel is injected tangentially in a character is t ic  swirling pattern and oxidizer 
is injected radially into the fuel. 
was a scaled-up propellant-cooled vers ion of the heat sink hardware used in the 
feasibility demonstrations. 

As in the case  of the doublet, the design 

During the course  of the program,  th'e original oxidizer spud design was 
changed to shorten the axial length of the spud, thus reducing the exposed gas  
side a r e a  (Figure 2 4 )  to enhance durability. Because of this shortening, it 
was necessary to  use a single row of enlarged injector or i f ices ,  r a the r  than 
the double row of smal le r  or i f ices  called for in the original design. 

( 2 )  F u l l  Diameter Vortex Injector - In this  Fase,  the fuel injector inner 
diameter  is  the same a s  the inner diafneter of the chamber  b a r r e l  (F igu re  2 5 ) .  
This  design was also a propellant-cooled scale-up of the heat sink hardware used 
ea r l i e r .  
s imi la r  . 

The design concepts of the mid-  and full diameter  vortex injectors  a r e  

- 
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TABLE IX 

INJECTOR CONFIGURATIONS TASK I1 - 
Run 
No. 

6Cx 1445 
6CX1446 
6CX 1450 
6CX1451 
6CX 1452 
6CX1453 
6'2x1455 
6CX1456 

- 

6CX 1447 
6CX 1448 
6CX1449 

6CX1445 
6CX 1446 

6CX 1447 
6CX 1448 
6CX 1449 

6CX1450 

6CX1451 

6CX1453 

,-.*. 
OLAltS.5 

6CX1455 
6CX 1456 

6CXl454 
6CX1464 
6CX 1465 
6CX1466 
6CX1467 

6CX 1454 

6CX 1464 
6CX1465 
6CX1466 
6CX 1467 

6CX 1457 
6CX 1458 
6CX1459 

6CX1468 
6CX1469 
&XI470 

6CX1457 
6CX 1458 
e x 1 4 5 9  

6CX 1468 
6CX1469 
6CX 1470 

6CX1461 
6CX 1462 
6CX1463 

Accumulated 
Run Time (sec)  

0.35 
0.60 
2.75 
2.77 
2.75 

10.10 
1.74 

19.30 
40.36 

0.80 
2.28 
2.53 
5.61 

0.35 
0.60 
0.95 

0 . 8 0  
2.28 
2.53 
5.61 

2.75 

- 

- 

- 

- 

Combustion - 
Side Material. 

Cr-Cu 

Method of 
Aesembly 

Mechanical 
Seal, Teflon 
0- ring 8 

5!3 
1 

Injector Designation 

Mid-Diameter Vortex, 
Fue l  

Mid-Diameter Vortex, 2 "A" Nickel 
Fuel 

Welded 

Mid-Diameter Vortex, 1 "A" Nickel 
Oxidizer 

Welded 

Mid-Diameter Vortex, 2 "A" Nickel 
Oxidizer 

Welded 

Welded 

Wslded 

Mid-Diameter Vortex, 3 "A" Nickel 
Oxidizer 

Mid-Diameter Vortex, 4 "A" Nickel 
Oxidizer 

2.17 

10.10 
15.62 

3 7 =  L. 0 2  

- 
Mid-Diameter Vortex, 5 Cr-Cu 

Oxidizer 
Lithobraze 925 1.74 

19.30 
21.04 

1.08 
1.68 
1.65 
1.67 
2.12 
8.20 

1.08 

- 

- 

Full Diameter Vortex, 1 "A" Nickel 
Fuel 

Welded 

"A" Nickel 

Cr-Cu 

Welded 

Lithobraze 925 

Full Diameter Vortex, 
Oxidizer 

Full Diameter Vortex, 
Oxidizer 

1.68 
1.65 
1.67 
2.12 
7.12 

1.78 
1.74 
1.78 

1.90 
2.65 
2.61 

12.46 

1.78 
1.74 
1.78 

1.90 
2.65 
2.61 

12.46 

1.75 
1.72 
1.71 
5.18 

- 

- 

- 

- 

Mechanical, 
A1 gasket 

Coaxial Showerhead. 
Oxidizer 

1 Cr-Cu. Zirconia 
coated face 

(Dual Inlet) Mechanical , 
A1 gasket 

1 

Mechanical, 
A1 gasket 
Mechanical, 
A1 gasket 
M cr hanical. 
A1 gasket 

Coaxial Showerhead. 
Fue l  

1 

2. 

> 

321 SS 

321 SS 

32! ss insraiied New Fuei 
P i n  on S/N 1 and 
Modification fo r  
Dual Ox Inlet 

Multiple Doublet, 
Fuel and Oxidizer 

1 "A" Nickel 
Zirconia 
coated face 

Welded 
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During the course  of the program, the or iginal  oxidizer spud design was  
changed to incorporate a flat plate chromium-copper face  (F igu re  26)  as a 
substi tute f o r  the or iginal  elliptical "A" nickel face  to improve injector  dura-  
bility. T h e  injection pa t te rn ,  however, remained unchanged. 

( 3 )  Doublet Injector - The multiple-doublet impinging stream injector  
(F igu re  27)  cons is t s  of 32 doublet pairs a r ranged  circumferent ia l ly  at dia-  
m e t e r s  of 2.500 inches ( fue l )  and 2 .925  inches ( o x i d i z e r ) .  T h e  fuel is  in-  
jected axially and the oxidizer s t r eams  in te rsec t  the fuel  streams at an angle 
of 45 degrees .  The  or i f ices  were  sized to produce an oxidizer velocity of 50 
feet  per  second and a fuel velocity of 65 feet  p e r  second. 

T h i s  injector design i s  a propellant-cooled scaleup of the heat sink 
doublet used in the feasibil i ty demonstration conducted under Contract  
NAS - w - 449. 

( 4 )  Coaxial Showerhead - The coaxial showerhead injector  is shown 
This  injector  type w a s  chosen because NASA-Lewis RC test in F igu re  28. 

experience indicated that  high performance could be attained ove r  a wide O/F 
range with such high tempera ture ,  high performance propellant combinations 
as  F,/H,. 

T h e  injector has  27 injection elements.  E a c h  element  cons is t s  of a 
cen t r a l  0.064 in. fuel or i f ice  and a concentric annular oxidizer or i f ice  (0.013 
in .  annular gap ) .  Experience with this type of injector  with hydrogen fuel h a s  
shown that a l a r g e  number of elements (approximately 6/in.2) is necessa ry  t o  
obtain maximum performance (NASA Report  TMX-485).  
of e lements  was minimized in  this  c a s e  (1.  l / i n O 2 )  to  reduce the c r i t i ca l  f ab r i -  
cation tolerance problems inherent in the sma l l e r  or i f ices  associated with the  
comparatively (compared  t o  liquid Hz) high density fuel ,  

However,  the number 

The  injector face is OF, cooled; diborane cooling did not appear  feasible .  

Since this  gap 
T o  facil i tate de sign evaluation by minimization of fabrication problems,  
cooling passage gaps of 0.018 in. - 0 . 0 2 0  in. were  employed. 
r e su l t s  in  oxidizer veloci t ies  insufficient f o r  cooling during steady- s ta te  ope r -  
a t ion,  the  injector face was coated with zirconia and protected with a graphite 
c loth-  phenolic ablative cap. 

During the cour se  of the program, the or iginal  design was changed to  in-  
corpora te  a dual Oxidizer iiiiei iiiziiifold Ir; ~ I Z C C  of a single i d p t  tn i ~ ~ r e ~ ~ e  
injector  durabili ty.  
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b. Thrus t  Chambers  

Two types of th rus t  chamber  assemblies were  used in the injector t e s t  
p rogram.  A copper heat-sink type chamber and nozzle assembly was used 
f o r  injector performance and streaking evaluations, while an instrumented 
water-cooled chamber  and nozzle assembly was used for  heat t r ans fe r  evalu- 
ation t e s t s .  The chamber assemblies were designed to operate  a t  150 psia  a t  
s ea  level.  Significant chamber  parameters  were  L:: = 3 0 ,  Ac/At = 2.75, and 

= 2.17. 

( 1 )  Uncooled Heat-Sink Thrust  Chamber  - The uncooled heat-sink 
The  design accommodated chamber  and nozzle a r e  shown in Figure 29.  

ablative in se r t s  at both the injector end of the chamber and at the entrance 
to the nozzle. 
ing charac te r i s t ics  of each injector during the short  duration performance t e s t s  

Sacr i f ic ia l  ablative inser ts  were  used to determine the s t r eak -  

( 2 )  Water-cooled Thrus t  Chamber - The water-cooled thrus t  chamber  
assembly  i s  shown in F igure  30. The combustion chamber  b a r r e l  (F igy re  31) 
consisted of 54 ilattened l j 4  inch stainless s teel  tubes welded together to  i o r m  
the gas  side wall of the combustion chamber as well as the chamber  coolant 
passages.  
nozzle end at a design flowrate of 10 pounds per  second. The water-cooled 
nozzle (F igure  32) was a single-pass, mechanically sealed assembly with 
dual inlets and outlets. 
was provided at the throat  plane. 

Water entered at the injector end of the chamber  and exited at the 

An average coolant velocity of 45 feet  per  second 

Water tempera tures  were  measured at the outlet of each cooled section. 
Inlet t empera tures  were  measured  at the common manifold f rom which each 
inlet was fed. Water flowrates for each section were  controlled by or i f ices  
and cavitating venturis in the water l ines .  

4. T e s t  Results 

a. Per formance  and Streaking 

Twenty-one t e s t s  were  conducted with the 2000 lb  space thrust  uncooled 
hardware  to evaluate injector performance and streaking charac te r i s t ics .  
Pe r fo rmance  data were  a l so  obtained f rom four  heat t ransfer  t e s t s  conducted 
with the water -cooled thrust  chamber assembly. The nominal chamber p r e s -  
s u r e  level was 110 psia. T e s t s  were conducted over a mixture  ratio range of 
3 .0  to  4.16. 
were  used to a s s e s s  injector streaking. 

Sacrificial  paper-phenolic i n se r t s  in the combustion chamber  
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The Task  I1 t e s t  data a r e  summarized in Table X .  The performance data 

The vor tex  injectors  gave the highest performance ( 9 2 .  5-10070 c>::), 
presented were obtained at  0 .  5 to 1 .  0 seconds af ter  attainment of 10070 chamber 
p r e s s u r e .  
the coaxial  injector gave moderately high performance (93-94. 570 c:::) and the 
multiple-doublet gave ve ry  poor performance (78-80.970 c+  ) . 
was not evident in any of these tests.  
combustion performance level (c:::) , i t  i s  especially significant that  none occurred  
in the high performance runs made with the vor tex  injectors .  
the injector streaking evaluation sacrificial  i n se r t s  a r e  presented in Appendix A. 

Injector  streaking 
Since streaking i s  a s t rong function of the 

Photographs of 

The injector performance ratings a r e  based on charac te r i s t ic  velocity and 
sea  level  thrust  coefficient and specific impulse.  
is t ic  velocity i s  based on shifting equilibrium (Appendix C ) .  
impulse and thrus t  coefficient data presented in the summary  plot are  inter-  
p re ted  in t e r m s  of the maximum achievable s e a  level  performance ( I  
and C ~ m a p )  for  the nozzle geometry used and the recorded t e s t  conditions. 
The equations used for these performance calculations a r e  presented in detail  
in Appendix C .  

The theoret ical  cha rac t e r -  
The specific 

s P.maP 

Since the nozzle exit divergence angle for  the water-cooled thrust  chamber  

) due to design considerations,  slightly higher (670) predicted maximum 
assembly  (25') was l e s s  than that of the uncooled heat-s ink thrus t  chamber 
(38 
achievable thrust  coefficient and specific impulse were  attainable with the water -  
cooled chamber .  
with the water-cooled thrus t  chamber assembly were  co r rec t ed  for heat l o s ses  
(Appendix C ) . 

0 

The performance data (.::: and I ) f rom the t e s t s  conducted SP 

The  OF2/B2H6 propellant combination has  consistently delivered high p e r -  
centages of maximum achievable equilibrium sea level specific impulse.  
lowing for  the divergence l o s s e s  (1170) of the sharply t runcated t e s t  nozzles ,  
approximately 9970 of equilibrium impulse was obtained. The tes t  nozzle de-  
sign was based on a 40 : l  contoured nozzle,  t runcated at a n  of 2.17 to pro-  
duce optimum s e a  level expansion. This  provided a nozzle divergence angle 
of 38O with the heat-s ink nozzle and 25O with the water-cooled nozzle.  

A l -  

A statist ical  data analysis  of the experimental performance data ( c':: and 
A summary  of the statist ical  analysis  

giving the standard deviation f rom the mean value 
) was performed f o r  each injector. 

I S P  
i s  presented in Table X I ,  
for a 6870 confidence level ( *  la), a 9570 confidence level (t 2 4 ,  and a 99 .  770 

and Isp data is v e r y  good. T h e  36standard deviation fo r  each injector i s  a l so  
LoIif;dei.ice !eve! ( k  3 5 ) .  T h e  "6' 2 n r o o m o n t  of standard deviations hetwepn the c::: 

6 5  - - 
Report RMD 6028-F 



6( 
I 

M 
N 
0 
9 

9 
d 
c, 
k 

X 
0 

I 

I 

a 
W 
p: 

W 
0 a 

al x 
I d Q  
4 4  

c 
0 
.r( 

VI 
-0 
c 
Id 0 

k 
0 

2 
d c 

0 

c 
0 

10 
0 
$4 

al 

.r( 

a 
0) a 
0 
k 
0 

2 
M 

m 
.n .+ 

0 a ' a 
m 
4 
W 
3 

W 9 
9 

c 
3 a c 

Id 

8 
h 

N 
v 

I 
I 
l 

In m 
N 
v 

I 
N 
N 
N 

0 
N 
N 

r- 
N 
d I I 

I I 
I I 

N 

N 
0 
e 

h 

N 
v 

I I 
I I 

I 

h 

N 
v 

r- 
0. 

4 
0 
I-( 

00 
0 

h 

N 
v 

I I 
I I 
I I 

IC 
0 

- 
N 
w 

0 r N 

W 
D 

N m 
0 
0 

I I 
I I 
I I 

m rn 
m 
0. 

4 

0 
D * 
9 

0 
0 
9 
9 

0 
0 
a) 
9 

0 
m rn 
9 

0 
I I 
I I 
I I 

m 
In 
9 

m m 
m r- 

r- 
r- 

N 

In 
r- 
N 

0 
\o 

0 

0 
W 

0 

a) 
N m 

m 

0 N N N 

N 
N 

m 

W r- 
a) 
m 
m 

9 
In 

m 

4 4 

m 

N 
m 
9 

d 
m * 
* 

m * 
In 

* 
D 
D 
m 
-? 

0 
0 
0 
4 

r- 
r- 
0 
4 

m 
Id 
u-ii  

-E > - :; 
h 
0 a a 
0 
U 
IC c 
m 
Id 

.r( 

o 

E 

N 
In 

2 u 
9 

D 
In I 

1 * 

U 

c- E a /  ; 
b I 

m 
r- 
0 
4 

m 
N 
4 4 

m 
W 
D 

r- 
0 
4 

m a ' a 
k 
0 U 

u 
W 

c -7 
U 

z 
0 

t4 
W a a 
0 u 
IC c 
m 
Id 

.r( 

o 

2 

0 
m 
2 
X u 
9 

k 
al a a 
0 
U 
IC 

m 
Id 

.r( 

U 

2 

4 
In 
2 
X u a 

k W a a 
0 
U 

a 
0 
V 

IC 
c 
m 
Id 

.r( 

o 

E 

IC 
c 
rn -4 

o 
Id 

2 

9 * 
2 
X u a 

r- 
d 



Y 

4 
e, 

C ... d 
E "  

5 

o s  
k M  
- 3  

X 
0 

E 
0 
h 

W 
I 
C 
0 
V 
Y 
C 

Q 
V 
X 

c 
e, 
h 
d 

a 
d c 

C 
7 

d 4 

.A 

9 
L 

I 

2 i  
$ 5  0 .2 

c 
M 
3 0 

Y 

c 
.A 

a c  " .r( 

X 
w la 

E 
9 

- 
N 
v 

W 

m I 
4 
N 

I 
I 

m co 
cd 
rn 

* 
N 
,-I 

d 

0 

r- 
m - 

W 

0 
r- 
9 

4 

co 
0 
4 

r- 
0 

m 

m 
N 
r- 
* 

Y 

2 
4 

0 

Ln' 
m 

m 
9 
0 

d 

U) 

N 
m 
I 

W 

0 
0 * 
9 

I 
I 
I 

h 

N 
w 

0 

* 
m 

0 
4 
Ln 
9 

I 
I 
I 

- 
N 
v 

N 

* 
m 

0 
N 
Ln 
9 

m i 0 0  
0 0 0  

coo 
m r - m  
0 0 4  . . .  
d d 4  

M 

V . .  . .  
O O d d  

* m o o L n  

h - I  
0 
m 
4 

* 
r- 
4 

W m 
r- 
d 

m 
0 

* 
0 

0 Y d r - d L n  9 w m  
9 l n o L n m 0  0 0 0  

r- 
0 

m 

Q u' 4 4 . . . . .  . . .  
W w m w m w  * w m  W 

W 
m 
ul 

* 
9 
0 
r- 
d 

m 
G 
* 

N 
9 

* 6( 
I 
a3 
N 
0 
9 

d 
0 
0 

0 
m m 

ul 
m 
m 

d 
U 

L 
0 a 
2 

r- 

m 
d d 

In m 
IC 
0 
4 

d 
IC 
0 
4 

m 
Q) 
0 
d 

co 
0, 

x - 
Q) > 
0 e 
d 

: 

&I * & I & & I &  
Q ) Q ) Q ) Q ) Q )  a a a a a  a a a a a  
0 0 0 0 0  
U U U U U  

0. u 

Q) 

d 
m 
E - 

Y 
d 

2 

00 
9 

5 
ij 
9 

u 
9 



6( 
0 

F: 
0 

a 
k 
u 
In 
Q 

.r( 
c, 

.#-I 

N N N I 

n 
111 

w pc 

8 u 
Y 

9 9 

* + 
$1 $1 U c 

9 

a3 .d 

d -4 

.-.I d 4 d 

x 
a, 
k 
0 

k 
a, 
a, 

rd 

c, 

> 
c, 

E 
b" 

a 
2 
f 
$ 
0 

rfr 
UJ 
d 

.rl 
rd 
X 
rd 
0 u 

+I 

4 
a, 
a 
5 

~ 

REACTION MOTORS D I V I S I O N  

I 

I 

1 

I 
I 

I 

I 

1 

I 

I 

I 

I 

1 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

1 

I 

1 

I 

I 

I 

I 

I 

I 
I 

I 

I 

I 

I 
I 

I 

I 
I 
I 

I 
I 

I 

I 
I 

I 

1 

1 

I 

I 

I 

I 

I 

I 

I 

I 
1 

t 

1 

I 

1 

I 

I 

Repor t  RMD 6028-F 



7&!& 
R E A C T I O N  MOTORS DIV IS ION 

shown in the performance plots 
enough to  be s e e n ) .  
formance calculations a r e  presented in  Appendixes B and C .  

by means  of shaded b a r s  (where l a rge  
Detailed discussions of the data acquisition and per -  

( 1 )  Mid-Diameter Vortex Injector - This  was the f i r s t  injector f i red  
in this  program. 
injector .  
t e s t s  were terminated during the s ta r t  t rans ien t  before r a t ed  oxidizer flow to  
the injector w a s  achieved. 
ra ted oxidizer flow to the injector w a s  attained without difficulty for  the re -  
mainder  of the program.  

Eleven t e s t s  were conducted with the mid-diameter  vortex 
The performance data  a re  shown on Figure  33.  The  f i r s t  t h ree  

The  oxidizer manifold volume was reduced and 

Three  performance t e s t s  with the original mid-diameter  vortex injector 
design (two rows of fuel and two rows of oxidizer or i f ices )  yielded high per - 
formance (957'0~ 98. 27'0 and 10070 of theoret ical  c:::). Five t e s t s  including two 
heat t r ans fe r  t e s t s  were conducted with the modified mid-diameter  vortex 
injector (F igure  24). 
94.470 of theoret ical  c::: over a mixture ra t io  range of 3.09 to 3.51. The  lower 
perform-ance level  with the modified injector i s  attr ibuted to the fact that  one 
row of oxidizer or i f ices  was employed with two rows of fuel or i f ices .  However 
the high performance level demonstrated by the modified mid-diameter  vortex 
injector  is  encouraging] especially in view of the fact that  no attempt was 
made to  redesign the injection pattern.  

The  performance level of the modified injector averaged 

It i s  significant to note that no attempt was made to  optimize the injection 
pa rame te r s  during the program i n  e i ther  case .  
that relatively s imple design refinements can produce an additional 2 - 3 7 0  
increase  in performance for  this  type of injector .  
obtained with the mid-diameter  vo?tex injector corroborated the higher per  - 
formance levels obtained on the prior contract  (NAS-w-449). 

Past experience has  shown 

The performance levels  

The  t e s t  data a l so  yielded good corroboration between the predicted and 
experimental  CF .  Thus 
formance data was established. 

a high level of confidence in the validity of the p e r -  

( 2 )  F u l l  Diameter  Vortex Injector - Five  t e s t s ,  including two with 
water-cooled chambers  were conducted with the f u l l  d iameter  vortex injector.  
The  performance data a r e  shown on Figure 34. The  performance level of this  
injector  was consistently high (averaging 97. 1% of theoret ical  c>::) over  a mix- 
t a r e  ratic! range of 3 :  03  to 4.06 .  Again, no attempt was made to optimize 
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performance.  
injector  design 
copper oxidize1 f a c e )  injector .  
was the same  as in the original version. 

One t e s t  w a s  conducted with the or iginal  f u l l  d iameter  vortex 
and four t e s t s  were  conducted with the modified (chromium= 

The injection pattern in  the modified vers ion 

The experimental  performance d a t a  obtained with the full diameter  vortex 
yielded excellent corroborat ion between the predicted and experimental  CF .  
The  performance leve ls  obtained with this  injector duplicate the high pe r fo rm-  
ance leve ls  obtained during the Task  I portion of this  p rogram (150  lb thrus t  
ma te r i a l s  evaluation) and the p r io r  feasibility program ( N A S - w - 4 4 9 ) .  

( 3 )  Multiple-Doublet Injector - Three  t e s t s  were  conducted with the 
multiple-doublet impinging s t r e a m  injector. 
sented in  Figure 35. The performance level  of this  injector w a s  consistently 
very  low ( 5 8 1 %  of theoret ical  c:::) over a mixture ra t io  range of 3. 01 to  3 .91 .  
Excellent agreement between the predicted and experimental  CF confirms the 
validity of these data .  The  performance of this  injector  was much lower’than 
the performance level  obtained with the 150 lb  thrus t  doublet injector evaluated 
in the feasibility program (NAS-w-449), possibly because of changes in  s ta te  
of injected propellants and changes in injection momentum ra t ios  a s  a resu l t  
of propellant cooling of the injector,  in contrast  to  the p r io r  heat-sink model 
t e s t s .  

The performance data a re  p re -  

(4) Coaxial Showerhead Injector - Six t e s t s  were conducted with the C O -  

axial  showerhead injector .  The  performance data a r e  presented in  F igu re  36. 
The performance level  of this  injector averaged 93.870 of theoret ical  c : k  over  a 
mixture  ra t io  range of 3.04 to 4. 16.  The performance level  attained was con- 
s idered good “in view of the fact  that the optimum number of injection elements 
were  not incorporated in the design ( to  avoid fabrication p rob lems) .  
l a r g e r  standard deviations in the Isp da ta ,  a s  compared to the c+ data in F igure  
36 ,  a r e  attr ibuted to thrus t  measurement  e r r o r s  due to p re - run  and post-run 
zero shifts f o r  t h ree  runs .  The  performance of this  injector was vir tual ly  con- 
stant over  the mixture  ra t io  range evaluated. 
a cyclic variation in chamber  pressure  of approximately * 1 2  psi  at approxi- 
mately 600 C P S .  

The  

The  showerhead injector evidenced 

This  w a s  the only injector exhibiting this  behavior. 

b .  Heat T rans fe r  

Four  tes t s  were  conducted with the water- cooled th rus t  chamber  assembly,  
of which only th ree  were scheduled a s  heat t r ans fe r  f i r ings .  The remaining 
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t e s t ,  conducted with the full diameter vortex injector,  was programmed as a 
2-second performance fir ing. 
the mid-diameter  vortex injector and one with the full d iameter  vortex in- 
jector .  
to the low performance level (580% c:k) of this  configuration. 
to incorporate a dual oxidizer inlet manifold on the coaxial showerhead in- 
jector was not completed in time to enable a heat t r ans fe r  f ir ing to be made.  

Two heat t ransfer  t e s t s  were  conducted with 

No heat t r ans fe r  f i r ings were attempted with the doublet injector due 
A modification 

The  heat t ransfer  data acquired with the water-cooled thrust  chamber  
assembly  a r e  shown in F igure  37 ,  as a r e  the theoretical  heat fluxes for  the 
chamber  b a r r e l  and nozzle sections. The  data for  the nozzle section a r e  
based on overal l  heat fluxes since a single pass nozzle assembly was employed. 
Theoret ical  heat fluxes were predicted using the heat t r ans fe r  data acquired on 
the previous program (NAS-w-449) 
chamber geometry and the operating chamber  p r e s s u r e  level experienced during 
this  program.  

actual = T theoret ical) .  of 100% ( i . e . ,  Tgas 

adjusted for  the 2000 lb  space- thrust  

The predicted heat flux levels a r e  based on a combustion efficiency 

gas 

Heat t r ans fe r  t e s t s  of 10.1 seconds duration (6CX1453) and 19.3 seconds 
duration (6CX 1456) were  made  with the modified mid-diameter  vortex injector.  
An oxidizer injector ( t tAt '  nickel mater ia l )  burnout occur red  at  about four 
seconds during the 10.1 second test .  
section were  taken just  p r ior  to the fai lure .  An open thermocouple lead  p re -  
vented useful data acquisition f rom the chamber  b a r r e l  section. 
second t e s t ,  which was programmed for 20 seconds duration, was terminated 
when the oxidizer injector spud was ejected f r o m  the thrus t  chamber  a s  a resul t  
of a b raze  joint fa i lure;  however,  useful data were  acquired up to the t ime of 
the fai lure .  
agreement  with the predicted heat flux levels.  

The heat t r ans fe r  data  for  the nozzle 

The 19.3 

The heat t r ans fe r  data for  both of these t e s t s  i s  in approximate 

One heat t r ans fe r  t e s t  (6CX1467) w a s  conducted with the full d iameter  
vortex injector and water-cooled thrust  chamber  assembly.  This  run was 
terminated a t  2.  12 seconds when the oxidizer injector cup separated f r o m  
the injector body, a lso a s  a resul t  of a b raze  joint fa i lure .  No useful heat 
t r ans fe r  data were  acquired in this short  duration tes t .  

5. Injector Durability 

The  initial injector designs utilized heat t reatable  chromium-copper 
ma te r i a l  for  the combustion side coilipoileiits. 
ciably cooler than stainless s teel ,  o r  even nickel,  and i s  capable of being heat 

This  d o i ;  wi?! =pera te  appre-  
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t rea ted  to a minimum of 38,000 psi ,  
was a l so  suitable for  flight-type injectors,  

A design study indicated that this mater ia l  

After brazing of the f i r s t  injector, a mid-diameter  vortex,  it was d is -  
covered that the b raze  alloy attacked the chromium-copper base  metal ,  r e -  
sulting in base metal  flow which completely plugged the injector flow passages.  
In o r d e r  t o  meet  program schedules, a review of the injector designs was 
undertaken to find a substitute for  the chromium-copper braze  joint design ap- 
proach with minimum modification of the initial de sign configurations. 

Design and heat t r a n s f e r  analyses indicated that "A" nickel was the most  
suitable substitute f o r  chromium-copper 
designs were  modified to permi t  utilization of "A" nickel injection spuds. 
coaxial  showerhead design retained its chromium-copper face  
not require  a braze  joint. 

and the vortex and doublet injector 
The 

since it did 

Continuing braze  investigations did resul t  in a successful chromium-copper 
b raze  joint technique in tes t  samples. However, since fabricat ion of the welded 
"A" nickel injector designs was well underway, revers ion to  the original design 
was held in abeyance 
signs. 

pending the test  evaluation of the "A" nickel injector de-  

T e s t  experience with the f i r s t  injector configuration, the mid-diameter  
vortex,  revealed two problem areas: 
p r e s s u r e  surges  in the oxidizer injector manifold during the s t a r t  t ransient ,  
which led to injector damage in three t e s t s  and localized erosion of the "A" 
nickel oxidizer spud. 
nation of the oxidizer manifold designs were  undertaken. 

the occurrence in severa l  t e s t s  of severe  

, 

Metallurgical analyses of the eroded spuds and exami- 

The  p res su re  surges  were  suspected to be reactions of OF, with ei ther  
weldments, gaps,  o r  protuberances in the flow passages which may not have 
been completely passivated. The amount of internal welding in the injectors  
was reduced, a lap weld joint was changed to a butt-welded joint and the cen- 
te r l ine  chamber  p re s su re  tube and  or i f ice  inlet p r e s s u r e  tube were  eliminated. 
Subsequent testing revealed that the p re s su re  surges  in the oxidizer sys tem 
had been eliminated. 

Metallurgical analyses of the eroded nickel oxidizer injector spud indicated 
that extensive boron diffusion and the formation of nickel-boride led  to rapid 
deterior&,tien of the "A" cfckel exposed to  the combustion gases .  As a resu l t  
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of this  discovery,  a decision was made not to t e s t  injectors with combustion- 
side components of "A" nickel. 
doublet) were modified to accept the substitution of chromium-copper ma te r i a l  
as necessary ,  

The "A" nickel injector designs (except the 

A long duration ( 1 9 . 3  s e c )  tes t  was accomplished with the modified 
chromium-copper mid-diameter  vortex injector 
for 2 0  seconds and was terminated when the oxidizer injector cup was ejected 
f r o m  the thrus t  chamber a s  a resul t  of a mechanical braze  joint fa i lure .  The  
remainder  of the oxidizer injector,  however, was in excellent condition. The 
19.3 second tes t  w a s  the longest in the injector evaluation program 
monstrated the promising durability of the chromium-copper design approach. 

This  t e s t  was programmed 

and de- 

Eight t e s t  f ir ings were  conducted with the mechanically sealed,  chromium- 
copper fuel spud of the mid-diameter  vortex injector for  a total  duration of 
40.36 seconds.  The fuel spud was in excellent condition. 

Four  t e s t s  were conducted with the modified full diameter  vortex injector 
(chromium-copper oxidizer spud f ace )  
separated f rom the oxidizer body on the l a s t  run  a s  a resu l t  of incomplete 
wetting in the braze joint. 
revealed that it was in good condition. 

The chromium-copper oxidizer cup 

Examination of the injector pr ior  to the l a s t  run 

The f i r s t  se r ies  of t e s t s  with the coaxial showerhead injector resul ted 
in erosion of a fuel injection pin on two injectors .  In each c a s e ,  the location 
of the pin was identical (180  degrees  f rom the oxidizer inlet manifold) .  The 
injector was modified to incorporate a dual oxidizer inlet manifold to improve 
the original,  volute-controlled, flow distribution a c r o s s  the oxidizer injector 
plate. 
of fuel pin erosion. The coaxial showerhead was l e s s  stable than the vortex 
o r  doublet injectors.  
exhibited chamber p r e s s u r e  oscillations on the o r d e r  of * 107'0, compared to 
f 37'0 f o r  the vortex injectors  and f 270 for the doublet. 

Three  tests were  made  with the modified configuration with no evidence 

The t e s t  runs with the coaxial showerhead consistently 

No durability problems were experienced with the multiple-doublet in- 
jec tor ,  obviously as a resu l t  of the poor performance level experienced with 
this  injector.  

Report  RMD 6028-F 



6.  Thrus t  Chamber Design Study 

REACTION MOTORS DIVISION 

A study has  been conducted to develop a design for  a 2000 pound space 
thrus t  chamber using the resu l t s  of the Task  I and T a s k  I1 investigations a s  
design inputs. 
operation with OF2/B2Hb at a chamber p re s su re  of 120 psia ,  a mixture  ra t io  
of 3,0, a combustion efficiency of 9670 corresponding to a theoretical  com- 
bustion tempera ture  of 6030F 
pera ture  of 400F. 

The chamber design conditions were  400 seconds of continuous 

and a maximum external  s t ruc tura l  shell  t e m -  

Two design concepts evolved: the f i r s t  an all-ablative (graphite phenolic) 
chamber and the second an ablative chamber with a propellant cooled nonablating 
throat .  

a .  All-Ablative De sign 

F igure  38 depicts the design of the graphite cloth-phenolic r e s in  ablative 
chamber .  
bas i s  of the Task  I screening tes t s  
outstanding performance. 
was chosen on the basis  of pr ior  Thiokol-RMD experience and also on the bas i s  
of Task  I performance. 

The graphite-phenolic mater ia l  combination was chosen on the 
in which F ibe r i t e ' s  MX4500 displayed 

The backup insulation, RMDts  Type 1A Ablatalite, 

The  mater ia l  thicknesses were sized by RMD's propr ie ta ry  analytical 
ablative prediction program.  
study, predicts erosion,  char  depths, and tempera ture  profiles f o r  an ablative 
chamber  design operating under any given se t  of conditions. Conversely,  the 
prediction program also permi ts  determination of the required mater ia l  pro-  
per t ies  to maintain a predetermined level of performance f o r  a given set  of 
operating conditions, 
were  confirmed by the T a s k  I t es t  resul ts .  

This program,  made  available for use in this  

The design c r i te r ia  (e ros ion ,  c h a r ,  t empera ture  grad ien ts )  

The  design uses  a 15 degree wrap angle in the b a r r e l  graduating to a 
60 degree  angle in the throat  since Thiokol-RMD experience in this and other  
programs has  shown that this combinat,ion of angles resu l t s  in maximum 
durability. 

The  s t ructural  shell ,  7 178 aluminum alloy, has  mounting flanges for  both 
the injector and nozzle extensions besides furnishing support for  the ablative 
l iner  and backup insulation. The AS?ata!itc ir,sulztfcn is cast 2nd cured in place 
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between the jig-aligned aluminum shell and ablative l i ne r .  
chamber  i s  s imi la r  to  RMDss highly successful TD-321 10,000 lb  space thrust  
engine 

The  design of this 

The Task  I tes t  data were  utilized to predict  the analytical behavior of 
graphite phenolic ablative th rus t  chambers up to the 15, 000 lb  space thrus t  
level.  The chamber  design conditions were  400 seconds of continuous opera-  
tion with OF,/B,Hg at a chamber  pressure  of 120 psia ,  a mixture  ra t io  of 3 . 0 ,  
and a combustion efficiency of 9670~ 
p r e s s u r e  decay due to throat erosion of a 150 lb,  2000 lb  and 15,000 lb  space 
thrust  chamber The significant influence of thrust  chamber  s ize  on ablative 
performance i s  readily apparent f r o m  comparisons of the performance plots 
for the three  thrust  levels  (150 lb,  2000 lb and 15,000 l b ) .  

F igure  39 shows the predicted chamber  

- 

Based on Thiokol-RMD experience, the performance of graphite phenolic 
with OF,/B,Hb i s  equivalent to that of si l ica phenolic with N20,/50-50 (F igure  3 9 ) .  
The significance of this equivalence in ablative performance indicates that pro-  
pulsion performance upgrading can be achieved within acceptable throat erosion 
l imi t s  with present  state of the a r t  ablative mater ia l s  

b.  Noneroding Throa t  

Since the re  a r e  some mission profiles in which erosion i s  intolerable,  a 
F igu re  40 i l lustrates  the 

in which a propellant cooled tube i s  imbedded in the chamber  
nonablating throat configuration was a l so  designed. 
Torox  concept 
throat .  The ent i re  throat substrate is  metal  loaded, conducting heat f rom the 
general  a r e a  of the throat to the cooled tube where conductive-convective heat 
t r ans fe r  to the propellant takes place. 

The  geometry of this chamber i s  identical with that of the all-ablative 
chamber  and the mater ia l s  of construction a r e  the same (graphite cloth 
phenolic chamber  l iner ,  Ablatalite insulation, and aluminum s t ruc tura l  she l l ) .  

c ,  Other Cooling Approaches 

Film, t ranspirat ion,  and regenerative cooling techniques were also in- 
vestigated but were  considered to  be unreliable due to  the l imited knowledge 
available concerning the cooling properties of the propellants;  heat-sink 
cooling was simply not feasible for this  propellant combination and duration. 
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Cooling approaches other than ablative and Torox  may be feasible with OF,/B,H6 
but fur ther  work is required to  provide data on propellant cooling proper t ies  
and t ranspirat ion mater ia l s  a 

l imited duty cycles. 
In addition, heat- sink cooling is feasible fo r  

Although the design study was l imited to the OF,/B2H6 propellant 
combination, there  a r e  other coolant fuels which, in combination with OF,, 
can provide essentially equivalent performance and of fer  the additional capa-  
bility as regenerative coolants. Among these promising fuels  f o r  use with 
OF, a re  the light fraction hydrocarbons and hydrazine and amine blends. 
major i ty  of these fuels  have a broader  range of coolant capabili t ies than that 
of diborane. 
a t  the 150 lb  thrust  and 10,000 lb  space thrust  level utilizing MMH as a re -  
generative coolant. 

The  

Thiokol-RMD has  successfully demonstrated OF,/MMH t e s t  f i r ings 

7 .  Task I1 - Conclusions 

On the basis of the r e su l t s  of the 2000 pound space thrus t  injector 
evaluation program, the following conclusions are  made: 

- The OF,/B,H6 p r o p e 11 a n t  combination can p r o v i d e 
h i g h p q r f o r m a n c e  over a m i x t u r e  ra t io  range of 
3 . 0  to  4.16. 

- Successful scaleup of injector performance to the 2000 pound 
space thrust  level  with OF,/B,Hg propellants was demonstrated.  

- Consistently high performance ( in  excess  of 947' c::: theo)  
over  a wide mixture  ra t io  range was obtained with vortex 
injectors,  even without a t tempts  to  optimize per formance  
through design refinements.  

- Uniform combustion (as  determined by streaking tes t s )  at high 
performance levels  was demonstrated with seve ra l  vortex 
injectors.  

- Performance  optimization and cooling of the coaxial  showerhead 
injector using OF2/B2H6 propellants requi re  m o r e  development 
effort .  

- 84 - 
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- Low performance (581% c* theo) was obtained with the multiple 
doublet injector.  No  attempt at optimization was made.  Because 
of the la rge  number of cr i t ical  parameters  inherent in impinging 
s t r e a m  designs,  the amount of design refinement and tailoring 
necessary  to obtain high performance is  unpredictable. 

- On the bas is  of the measured heat f lux  leve ls ,  injector pro-  
pellant ,cooling i s  feasible. 

8 5  - - 
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111. PROGRAM CONCLUSIONS 

The  following conclusions a r e  drawn f rom the r e su l t s  of experimental  
inve stigations conducted under Contract NAS - 3 - 2 5 53: 

1. 

2. 

3 .  

4. 

5. 

Based on the analytical  predictions and the subsequent t e s t  data 
obtained in  th i s  p rogram,  present  s ta te  of the a r t  ablative ma te r i a l s  
w e r e  found to behave in a predictable manner  with OF2/B2H6. 
the basis  of four t e s t s ,  the durability (e ros ion  r a t e )  of graphite 
cloth reinforcement materials with these  propellants i s  approxi- 
mately equivalent to  that experienced previously at  Thiokol-RMD 
with state of the a r t  silica-phenolic materials and the N20,/50-50 
propellant combination. 

On 

Ignition t e s t s  conducted a t  a nominal chamber  p r e s s u r e  level  of 
150 psia indicate that  OF,/B2H6 is reliably hypergolic over  ex t reme 
ranges of environmental and operating conditions and propellant 
s ta tes .  

OF,/B,H6 del ivers  high sea  level specific impulse (9970 of predicted 
shifting equi l ibr ium).  
variations in mixture ratio.  

The  specific impulse i s  insensit ive to  wide 

High performance 150 pound thrust  injector designs can be scaled up 
to  deliver high performance at the 2000 pound space thrus t  level. 

Based on Thiokol-RMD experience,  utilizing two stands simultaneously 
during the program, OFz and BzH6 can be handled safely with normal  
precautions. 
passivation, materials compatibility poses  no significant problems.  

W i t h  p roper  selection and adequate cleanliness and 
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6 .  Additional investigations a re  required to de te rmine  the mos t  de-  
s i rab le  thrus t  chamber  design for  ve ry  long duration, multiple 
r e  s t a r t  applications. 

7.  Injector designs utilizing combustion side components fabr icated 
from c h romi um-c o ppe r have demonstrated pr omi s ing durabili ty . 
With the development of the chromium-copper b raze  joint, it  i s  
believed that good injector durability can be demonstrated.  

Report  RMD 6028-F 
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IV. RECOMMENDATIONS 

In view of the promising r e su l t s  obtained during this  p rogram,  it is 
recommended that the following investigations of the OF2/B2H6 propellant 
combination be continued at the 2000 pound space thrus t  level:  

1. The  test evaluation of the vortex injector should be continued to  
provide a reliable high performance design that can be applied 
to flight configurations. 
offers the highest confidence level in meeting the requi rements  
for  a reliable 

Based on tes t  evaluations, this  injector  

high performance injector .  

2. Evaluation of an  ablative thrus t  chamber  configuration to  demon- 
s t ra te  scalabil i ty of the successful 150 pound thrust  configuration 
evaluated in this  program should be undertaken. This  evaluation 
would provide design c r i t e r i a  for the containment of high f l ame  
temperature  propellants and would be applicable to flight con- 
figurations. 

3 .  High a rea  rat io  nozzles should be designed, fabr icated,  and t e s t  
evaluated to determine the space performance capabili t ies of 
OF2/B,H6 propellants.  
in ogder to accurately a s s e s s  the space vehicle potential of this  
propellant combination. Two types of nozzle configurations,  a 
15 degree conical nozzle and a contoured nozzle design, should 
be evaluated at simulated altitude ( 1 0 0 , 0 0 0  f t )  to provide space 
nozzle design c r i t e r i a .  

Space performance data must  be acquired 

4. Definition of the cooling propert ies  of OF, and B2H6 is requi red  
to provide m o r e  rational design c r i t e r i a  for  component designs 
( i .  e . ,  in jec tors ,  t h rus t  chamber  cooling, throat  cool ing) .  
Basic  heat capacity and upper limit of nucleate boiling data will 
be required for  flight hardware  optimization and should be a c -  
quired now. 
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5. Analytical studies based upon the methods employed in this 
program should be pursued to define the  requirements  f o r  m o r e  
durable and efficient containment ma te r i a l s  ( i .  e .  , ablative, 
re f rac tory  composites ), thus providing per formance  growth 
potential for  high f lame temperature  propellants.  Consideration 
of the combination of these methods with other  cooling modes,  
such as t ranspirat ion,  film cooling, e tc .  , should a l so  be initiated. 
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STREAKING TEST RESULTS 
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STREAKING TEST RESULTS 

Sacrificial  ablative i n s e r t s  were placed in  the t e s t  mo to r s  of Tasks  I 
and I1 to evaluate the uniformity of combustion produced by the tes t  in jec tors .  
Thiokol-RMD has successfully demonstrated the utility of this  technique in 
assess ing  injector s t reaking charac te r i s t ics .  

In all  c a s e s  combustion was uniform, with no evidence of s t reaking o r  
uneven erosion of the in se r t s .  

The photographs, F igu res  1, 2 ,  3 and 4, in this appendix show the Task  I1 
nozzle in se r t s  in their  post  f ir ing condition 
move combustion deposits.  
of many of the i n s e r t s  indicates the uppermost  o r  "12 o'clock" point of the 
injector 
shortening in  some c a s e s ,  resulting i n  a n  e r roneous  impress ion  of uneven 
erosion.. As mentioned previously, however ablation was both even and 
uniform i n  all  c a s e s .  

with no at tempt  made to r e -  
The reference m a r k  which appears  at the top 

Slight eccentr ic i t ies  of camera  position have produced f o r e -  
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FOREWORD 

The value of any experimental  investigation is a function of the quality 
of i t s  acquired tes t  data.  
rocket  engine performance t e s t s  is particularly difficult because of the 
magnitudes involved and the destructive .environments  in which the m e a s u r -  
ing equipment must  operate .  The following pages outline the methods used 
by the Reaction Motors  Division of Thiokol Chemical  Corporation to acqui re  
meaningful data and to verify i t s  accuracy. 

Measurement of the p a r a m e t e r s  of in te res t  in 
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REACTION MOTORS D I V I S I O N  

INSTRUMENTATION AND DATA ACQUISITION 

The measurement  of physical phenomena necessar i ly  begins with a v e r i -  
fication of the accuracy of the measuring instruments  re la t ive to  s tandards of 
length,  mass,  t ime and temperature .  Thiokol rneasurement  accuracy  is 
direct ly  t raceable  to  the standards maintained by the National Bureau  of 
Standards,  Washington, D .  C . 
as  TER 6 4 C )  is  accomplished at Thiokol-RMD for  t h ree  distinct categories  of 
measuring equipment: 

This  documented cal ibrat ion p rogram (avai lable  

1 .  P r i m a r y  Standards 
2 .  Laboratory Standards 
3 .  W o r king Standards 

1.  P r i m a r y  Standards 

P r i m a r y  standards are  used exclusively a s  m a s t e r  re ferences  f o r  the o ther  
two categories  of standards.  
t rol led environments,  and a r e  never  removed f r o m  the Instrument Laboratory.  
P r i m a r y  standards a r e  calibrated by the Bureau of Standards whenever possible;  
a l ternat ively,  calibration i s  accomplished by cer t i f ied commerc ia l  l abora tor ies  
such as United S ta tes  Testing C o .  
the State  of New J e r s e y ,  Bureau of Weights and Measures .  
m u s t  furnish writ ten confirmation that t h e i r  reference standards have cu r ren t  
cer t i f icat ion with the National Bureau of Standards.  

They a r e  maintained (where  necessa ry )  in  con- 

and P rec i s ion  Res is tor  C o . ,  I n c . ,  o r  by 
Such organizations 

2 .  Laboratory Standards 

Laboratory standards a r e  used to t r ans fe r  values f r o m  the p r i m a r y  to 
the working s tandards,  thus preserving the life and accuracy of the p r i m a r y  
s tandards.  
and m a y  be used only fo r  the calibration of working s tandards,  o r  in  connection 
with experimental  instrumentation activit ies.  

Laboratory standards a r e  a l so  confined to the Instrument  Laboratory,  

- Report RMD 6 0 2 8 - F  
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3 .  Working Standards 

Working standards a r e  instruments  of high accuracy  and rugged design, 
suitable for  transportation to t e s t  a r e a s ,  control rooms ,  e t c . ,  fo r  the ca l i -  
bration of ope rational instrumentation. 

A tabulatibn of RMD standards,  showing the i r  derivation f r o m  NBS standards,  
i s  given in Figure 1.  
all three  types of standards a r e  specified in RMD Report  TER 64-C; the ca l ibra-  
tion procedures  a r e  set  for th  in RMD TER 85-B. 

The acceptable accurac ies  and calibration schedules for 

a. T e s t  Measurements 

The measurement  of rocket engine performance is predicated upon these 

1 
I 
I 
I 
I 
I 
I 

precisely calibrated standards.  
f o r  t empera tu re ,  p re s su re ,  and thrust  are given in F igu res  2 ,  3 and 4. In 
genera l ,  the procedure is the same for  each variable:  a t ransducer  generates  
an  electr ical  signal proportional to the magnitude of the var iable  to be measu red ;  
the s'ignal i s  then t ransmit ted to a s t r ip  recorder  which plots signal magnitude a s  
a function of time. The data acquisition channel ( t ransducer ,  t ransmiss ion ,  and 
r eco rde r  equipment ) i s  calibrated against the appropriate working s tandard,  pro - 
viding exact knowledge of the numerical  relationship between the magnitudes of 
the measured  variable and plotted data,  
before and af te r  each t e s t  run. 

Descriptions of the measurement  process  

Channel calibration i s  checked both 

The determination of propellant flow by the cavitating venturi  method 
the f i r s t  i s  a p r e s s u r e  (F igure  5 )  requires  two separa te  measurements :  

measurement  required to obtain flow through the measuring device (ventur i )  
f rom a p res su re  vs  flow calibration curve;  the second i s  a tempera ture  
measurement ,  required to  determine the specific gravity of the propellant 
f r o m  a temperature  - SG curve.  This  is necessary  since f lowmeters  a r e  
calibrated in t e r m s  of water  flow; propellant flow, therefore ,  m u s t  be cal-  
culated f r o m  the relationship 

I 

I W = w  ~ S G  prop . 
prop H2O 

If the propellant possesses  a substantial vapor p r e s s u r e ,  a s  in the case  of 

I diborane, for  example, it i s  necessary  to subtract  this  vapor p r e s s u r e  (obtained 
f rom a temperature  - vapor p re s su re  curve)  f r o m  the observed p r e s s u r e ,  before  
using the pressure  vs flow calibration curve.  
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Tempera ture  Transducer  1 
Transducer  Calibration 
(RMD Procedure  TER 85) 

Standards 

Compute Tempera ture  I 
Acquisition Channel 

Scale Fac tor  
(Recording pen Deflection 

vs  Temp) 
1 

Acquisition Channel I '2.. Establis: 0 Reference I 
Check Scale  Fac tor  with 
Simulator Signal 

Record Run Data I 
.I 

Post-Run Channel Check 

1 .  Check 0 Reference 
L. Check Scale Fac tor  with 

Simulator Signal 

I t 
Reduce Raw Data 

F igu re  2 .  Data Acquisition, Tempera ture  
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T r a n s  duc e r  Calibration 
(RMD Procedure  TER 85) 

REACTION MOTORS D I V I S I O N  

National - Bureau  of 
Standards 

Scale  Fac tor  
(Recording Pen  Deflection 

C a1 i b r  a te  Pres s u re 

Acquisition Channel 

1. Establ ish 0 Reference 
2 .  Check Scale Factor  with 

Simulator Signal 

1 
Record Run Data 

Post-Run Channel Check 

1. Check 0 Reference 
2 .  Check Scale Factor with 

Simulator Signal 

1 I Reduce Raw Data p- 

P r e s s u r e  v s  Time  Values 

F igu re  3 .  Data Acquisition, P r e s s u r e  
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Acquisition Channel 

Establ ish 0 Reference 
Check Scale Fac to r  with 
Simulator Signal 

Record Run Da ta  1 

REACTION MOTORS DIVISION 

Thrus t  Transducer  

1 
Bureau  of 

Transduce r  Calibration 
(RMD Procedure  TER 85) 

Compute Thrust  

Acquisition Channel 

Scale Fac to r  
(Recording Pen  Deflection 
vs T h r u s t )  

I 

1 Post-Run Channel Check r- 
1. Check 0 Reference 
2 .  Check Scale Factor  with 

Simulator Signal 

Reduce Raw Data 

Thrust  vs Time Values 

Figure 4.  Data Acquisition, Thrus t  
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Compute Tempera ture  

Acquisition Channel 

Scale  Fac tor  
(Recording P e n  Deflection 
vs Tet,.z) 

~ 

Calibrate  Flow 
Acquisition Channel 
1. Es tab l i sh  0 Reference 
2 .  Check Scale Fac tor  with 

Simulator  Signal + 
Record  Run Data 

. 
Calibrate  Tempera ture  

Acquisition Channel 

1. Establ ish 0 Reference 
2 .  Check Scale Fac tor  with 

Simulator Signal 

I Tempera ture  Values I 

I (RMD P r o c e d u r e  T E R  85) I 

1 
Calibrate  Venturi in 
t e r m s  of Water Flow vs 
P r e s  s u r e  

1 

I 

Determine Specific Gravi ty  
of Propel lant  

Post-Run Channel Check 
1. Check 0 Reference 
2 .  Check Scale Fac tor  with 

Simulator Signal 

J. 
Reduce Raw Data 

4 

4 1 

Flow Value ( , 'H20/Sec)  

Convert  H20 Flow to P r o p  

P r o p  

P r o p  Flow(#/sec) 

F i g u r e  5. Data Acquisition, Propellant Flow (Venturi  Method) 
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REACTION MOTORS DIVISION 

An alternate procedure for measuring propellant flows uses  the turbine- 
type flowmeter (F igu re  6 ) .  
signals proportional ( in  frequency) to the volume of propellant flow. An 
electronic counter m e a s u r e s  the number of cycles  generated by the flowmeter;  
dividing the recorded number of cycles by the elapsed t ime resu l t s  in the 
number of cycles pe r  second. 
cycles per second by the calibration factor ,  (pounds of water  flow/cycle),  to 
obtain the water flowrate,  in pounds per  second. 

This  instrument generates  sinusoidal e lec t r ic  

I t  is then possible to multiply the number of 

A temperature  measurement  and temperature-specif ic  gravity curve for  
the propellant is  used to obtain the specific gravity of the propellant,  permitt ing 
conversion of water f low to propellant flow, by the same relation used for 
venturi flowmeter measurements .  

b. Accuracy 

The accuracy of the measured data is a s su red  both by the use of precis ion 
instruments ,  carefully calibrated and maintained, and by tes t  p rocedures  which 
provide for  checking and rechecking, (as in the ca.se of the p re -  and post-run 
c hanne 1 calibration c he ck) . 

Fur thermore ,  provision is often made for  redundant measurements  of 
cr i t ical  variables (i. e . ,  the use of two separa te  devices to  measu re  the same 
parameter ) .  

Descriptions of typical operational instrumentation., including accurac ies ,  
a r e  given in Table I .  
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T e m p e r a t u r e  T r a n s d u c e r  

4 
T r a n s d u c e r  C a l i b r a t i o n  
( R M D  P r o c e d u r e  T E R  85) 

.1 I--- - - 
C o m p u t e  T e m p e r a t u r e  

A c q u i s i t i o n  C h a n n e l  

S c a l e  F a c t o r  
( R e c o r d i n g  P e n  D e f l e c t i o n  
vs Tell??) 

J 
C a l i b r a t e  T e m p e r a t u r e  

A c q u i s i t i o n  C h a n n e l  

1. E s t a b l i s h  0 R e f e r e n c e  
2 .  C h e c k  S c a l e  F a c t o r  w i th  

S i m u l a t o r  S i g n a l  

4 

+ R e c o r d  R u n  D a t a  

P o s t - R u n  C h a n n e l  C h e c k  

1. C h e c k  0 R e f e r e n c e  
2.  C h e c k  S c a l e  F a c t o r  with 

S i m u l a t o r  S i g n a l  + 
R e d u c e  R a w  Da ta  

I I T e m p e r a t u r e  V a l u e s  

7&k& 
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E l e c t r o n i c  C o u n t e r  

( R M D  P r o c e d u r e  T E R  85) 
National  
B u r e a u  of 
S t a n d a r d s  T u r b i n e  M e t e r  C a l i b r a t i o n  

( R M D  P r o c e d u r e  T E R  8 5 )  

1 
1 

C a l i b r a t e  F l o w  
A c q u i s i t i o n  C h a n n e l  
1. E s t a b l i s h  0 R e f e r e n c e  
2 .  C h e c k  S c a l e  F a c t o r  w i th  

S i m u l a t o r  S i g n a l  * 
R e c o r d  Run Da ta  

.1 
P o s t - R u n  C h a n n e l  C h e c k  
1. C h e c k  0 R e f e r e n c e  
2 .  Check S c a l e  F a c t o r  with 

S i m u l a t o r  S i g n a l  r 

C o n v e r t  H20 F l o w  to  Prop 

I 

D e t e r m i n e  Specif ic  G r a v i t y  
of P r o p e l l a n t  

- P r o p  F l o w ( # / s e c )  

F igu re  6 .  Data  Acquisition, Propellant F l o w  (Turbine Meter  Method) 
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TABLE I 

ACCURACY ANALYSIS 

I. S e r i a l l y  Connected Components  

( a )  T r a n s d u c e r s  

T o t a l  T o l e r a n c e  T a  T e m p e r a t u r e  TC 

Effect  
T b  Nonl inear i ty  

T r a n s d u c e r  Type & Capaci ty  Envi ronment  & H y s t e r e s i s  Repea tab i l i ty  

T h r u s t  Baldwin- Lima-  15 to 1 1 5 F  +. lo% of +.Os% of 2.12% a t  fu l l  s c a l e  

2 1.14% a t  10% F S  

+. 04% of 
Hamil ton Type fu l l  scale fu l l  s c a l e  load  2.26% at 50% F S  

U3XX, 5000 lb  
& 10.000 lb  

1 

P r e s s u r e  Teledyne Model 
176 0-1000 p s i g  

+. 36% a t  fu l l  s c a l e  

+3.64% a t  10% FS 

-65 to t 2 5 0 F  +.26% of +.05% of f .  25% of 
f u l l  s c a l e  full  s c a l e  2.73% a t  50% F S  fu l l  s c a l e  

Flow f . 36% of flow P o t t e r  Aeronaut ica l  -65 to +250F ?.25% of 2. 25% of +. 05% of 

2 in. s i z e  

T h e r m o e l e c t r i c  -65 to t 2 5 0 F  C o r r e c t a b l e  +.35% of 
Coqper  
Constantan T h e r m o -  
couple ,  -65 to t 2 5 0 F  

Endevco Model -65 t o  250F f 2 %  of Included in f 5 %  of ?5.4% of reading  
2211, 2 0 0 g ,  point  T e m p e r a t u r e  point 
40 - 8000 c p s  Effect  

S e r i e s  5000 - 1 in .  & f low flow f low 

See: R e f e r e n c e  f .  35% of reading  
T e m p e r a t u r e  Junct ion 

T e m p e r a t u r e  

Vibrat ion 

Pos i t ion  B o u r n e s  Align-O- -65 t o  220F ?.5% of f .  1% of f .  5% 
P o t  Model 140 reading  reading  
0-2.25 in.  

f .  75% of reading  

( b )  S igna l  Conditioning Equipment  

T o t a l  Var ia t ion  

T, =f- 

T a  Tb of Reading  
Nonl inear i ty  Repea tab i l i ty  

Equipment  Manufac turer  & Type Envi ronment  of Reading of Reading  

T e m p e r a t u r e  T h e r m o  E l e c t r i c  Co. Cont ro l  R o o m  -- +. 2% ;f. 2% 
R e f e r e n c e  Junct ion -65 t o  t 2 5 0 F  r a n g e  

1 5 0 F  R e f e r e n c e  

Cathode Fol lower  Endevco Model No. 0 t o  l O O F  f l . O %  t. 25% 21.03% 
Ampl i f ie r  2608 

S t r a i n  Gage Module Video I n s t r u m e n t s  Cont ro l  R o o m  +. 05% +. 10% +. 11% 
Type SRZOO 

Attenuator  In te rna t iona l  R e s  is t o r  Cont ro l  R o o m  t. 05% 
Corp .  

f.05 % f .  07% 

DC Amplif ier  Kin te l  Type 111 Cont ro l  R o o m  +. 05% +. 10% +. 11% 

Flow In tegra tor  P o t t e r  Aeronaut ica l  Cont ro l  R o o m  +. 10% f. 25% +. 27% 
Model 3C 

Voltage P o w e r  Supply Kepco - -  -- +. 10% 2.10% 

( c )  T r a n s m i s s i o n  and  T e r m i n a t i o n s  

Cable ,  Connectors  
P a t c h c o r d s  DC to 
10 KC 

( d )  R e c o r d e r s  

0 - l O O F  +. 10% +. 10% -- 

Minneapol is  Honeywell  Cont ro l  R o o m  i. 25% of 
reading  

f +1.00% .50% a t  a t  FS 50% F S  

f5 .00% a t  10% FS 

f .50% ?1.00% a t  a t  FS 50% FS 

f5.00% a t  10% F S  

f .25% a t  FS 
f .25% a t  F S  
f2 .5% a t  F S  

+.56% a t  F S  
f l .  03% a t  50% F S  
25.00% a t  10% FS 

?1.12% a t  F S  
+1.41% a t  50%.FS 
i5.1070 a t  10% FS 

f .56% a t  FS 
2.71% a t  50% F S  
f2.55% a t  10% FS 

S t r i p  C h a r t  

Consol ida ted  E l e c t r o -  Cont ro l  R o o m  tl. 0% of 
Dynamics  Corpora t ion  reading  

Osc i l lograph  

F M  Magnetic T a p e  Ampe:. Cont ro l  R o o m  _f. 50% of 
reading  

11. Tota l  Accumula t ive  Var ia t ion  for  Individual M e a s u r e m e n t s ,  
f r o m  In i t ia l  Cal ibra t ion  to F i n a l  Readout  

Tota l  V a r i a t i o n  f 3 6 

M e a s u r e m e n t  S t r i p  C h a r t  O s c i l l o g r a p h  F M  T a p e  /O sc illog r a p h  

f 0.6670 a t  FS 
i 1.2 lT0 a t  50% FS 
f 5 .  71% a t  10% FS 

t 0.7570 a t  F S  
f 1 .  30% a t  5070 F S  
f 6 .  18% a t  1070 F S  

* 1. 23% a t  FS * 1 . 7 6 %  a t  50% F S  * 7 . 2 5 %  a t  10% F S  

f I .  2 2 %  a t  FS 

1- 6 . 2 7 %  a t  10% FS 

C y c l e  Count  

f 0 .94% of Reading  

f 1 .  6270 a t  50% F S  

t 1 . 3 8 % a t  FS 
f 1.91% a t  50% F S  
f 7 . 6 6 %  a t  10% F S  

t 1.417'0 a t  FS 
f 2 . 0 2 %  a t  50% F S  
f 8.4070 at 10% FS 

C y c l e  Count  

f 0 .94% of Reading 

T h r u s t  

P r e s s u r e  

t 0.  8 1 %  a t  FS 
f 1 . 2 6 %  a t  50% FS 
f 5.  63% a t  10% r'S 

c., 
0 

Flow 

t 1 . 3 3 %  a t  FS 
f 1.80% a t  50% F S  

7. 16% a t  1 0 %  F S  

f 1.4470 a t  F S  
f 1 . 9 4 %  a t  50% F S  
f 7 . 6 0 %  a t  10% F S  

t 5 .78% a t  F S  
+- 5.91% a t  50o/a FS 
f 9 . 4 2 %  a t  1070 F S  

f 1 . 5 6 %  a t  FS 
f 2.02% a t  50% F S  
f 7 .62% a t  1 0 %  F S  

0.  80'70 a t  F S  
T e m p e r a t u r e  f 1 .25% a t  507" FS 

f 5.6270 a t  10% F S  

Vibra t ion  

P o s i t i o n  

- - -  

f 0.9970 a t  FS 
t 1 . 3 8 %  a t  50% FS 
f 5.6570 a t  10% FS 

1 . 4 5 %  a t  F S  
f 1.89'70 a t  50% F S  
f 7 .  18% a t  10% F S  

I) 
m 

111. P e r f o r m a n c e  P a r a m e t e r  Var ia t ion  
i 

T o t a l  V a r i a t i o n  f 3 6 

P e r f o r m a n c e  P a r a m e t e r  S t r i p  C h a r t  O s c i l l o g r a p h  T a p e  
m 
0 
N 
03 
I 

r 
-48 

I s p  - w 
+- 1. 55y0 a t  FS 
f 2 . 0 0 %  a t  50% FS 

1 . 9 5 ~ ~  a t  FS f 1 .  29y0 a t  FS 
f 2.  12y0 a t  500/0 FS 2 .  13% a t  5070 FS 
f 9 . 7 8 7 0 a t  l O % F S  f 7 . 3 0 7 o a t  l O % F S  7.7370 a t  ioyo FS 

t i.33ojo a t  FS t 1 . 5 5 7 0 a t  FS 
t 1 . 8 7 %  a t  50% F S  

6 . 3 5 %  a t  10% F S  

t 1 . 7 0 ~  a t  FS 
t 2 .  22q0 a t  5 0 7 ~  FS 
t 8 . 4 2 ~ ~  a t  10% FS 

2 .  18% a t  5070 F S  
f 10 .00% a t  10% F S  

0 
z 

T h e  above ca lcu la t ions  a r e  b a s e d  o n  the  d i f fe ren t ia l  equat ion f o r  a quotation; s ince  

Note:  When 6F a n d r w  a r e  e x p r e s s e d  i n  p e r c e n t ,  

36 ISp  b e c o m e s  =dK= 
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APPENDIX C 

PERFORMANCE CALCULATIONS 

The o r e ti c a1 

As a re su l t  of revisions in the heat of formation data  for  OF,, the theoret ical  
performance (c*  shifting) for  oxygen difluoride and diborane has been recalculated 
and used for  performance evaluation in this program.  
is based on the following inputs: 

The revised performance 

Heat of Formation ( A H )  OF2 = classified 

Heat of Formation ( A H )  B,H6 = 3 2 kcal/mole at -70°F 

Chamber  P r e s s u r e  = 110 psia  

The revised theoretical  performance data  arelpresented in Figure' 1 along 
with the theoretical  data calculated on the p r i o r  program (NAS-w-449). The 
e a r l i e r  theoretical  data were  based on an OFz heat of formation value of t3.9 
kcal/mole. 
performance evaluations is s m a l l ,  amounting to approximately 1.470. 

The effect of the m o r e  recent heat of formation data on previous 

Experiment a1 

The experimental  resu l t s  designated as "maximum achievable ( sea  leve l )  
specific impulse ' '  were  calculated according to the procedure outlined below. 
Correct ions for nonaxial (divergent) flow l o s s e s  were  included in the calculations 
for maximum achievable specific impulse. Also correct ions for  heat l o s ses  
were  made  for  the t e s t  runs conducted with the water  cooled thrust  chamber 
assembly .  
be r  wal ls .  

No correct ions were  made for  the heat l o s s e s  to the heat sink cham- 

Chamber P r e s s u r e  - Chamber p r e s s u r e  ii;as measured  at  the injector 
end of the chamber .  at the entrance to the nozzle and in severa l  runs a t  
the centerline of the chamber axis .  The chamber  p r e s s u r e  measurements  in 
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the chamber  bar re l  ( i o  e .  , injector and nozzle en t rance)  were  consistently 
within 1 8% of one another ,  in c lose agreement  with the theoret ical  p r e s s u r e  
profile for  this  chamber geometry ( i ,  e , Ach/At and Mach No  ) Chamber 
p r e s s u r e s  measured  a t  the center l ine of the chamber  axis for  four runs  gave 
consis tent  c* and CF r e su l t s .  Except for  these four r u n s ,  the chamber  p r e s -  
s u r e  da ta  acquired a t  the nozzle entrance were  used i n  the per formance  calcu- 
la t ions.  

Charac te r i s t ic  Velocity - The experimental  charac te r i s t ic  velocity was  
calculated by the following equation: 

c 8 - - P c h  (nozz le)  At 
t e s t  

W 

Maximum Achievable Thrus t  Coefficient - Per fo rmance  comparisons of 

‘F ( m a p ) ,  th rus t  coefficient a r e  gased on the maximum achievable pe r fo rmance ,  
for the t e s t  nozzle geometry used and the recorded t e s t  conditions and a r e  
obtained by using the following equation: 

F 1 

where :  

CD C v  = nozzle d ischarge  and velocity coefficients (0 .98  u s e d ) ;  

0 
a = divergence half angle ,  38 for  heat sink nozz le ,  25O 

for  water  cooled nozzle;  

X = divergence cor rec t ion  (nonaxial  exhaust gas  l o s s e s ) ,  
.894 for  heat sink nozzle and .953 for  the water  cooled 
nozzle;  

7 = ra t io  of specific heats  ( C  /Cv) of combustion products  
during the combustion an$ expansion p r o c e s s ;  

6 = 2,17;  

2 - 
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Pe = nozzle exhaust p r e s s u r e  , (calculated f r o m  one dimen- 
s ional ,  isentropic expansion) ; 

Pa = 1 4 . 4 p s i a Y  and 

Pch = chamber p re s su re .  

The experimental  thrust  coefficient was calculated f rom the equation: 

The tes t  nozzle design was based on a 40:l contoured nozzle,  truncated 
a t  an Gof 2.17 (without contour modification) to produce s e a  level expansion. 
This provided a nozzle divergence angle of 38O for the heat sink nozzle and 
25O for  the water  cooled nozzle. 
( 110J0) of the sharply truncated t e s t  nozzles ,  approximately 99% of predicted 
equilibrium impulse was obtained. 

Allowing for the l a rge  divergence lo s ses  

Maximum Achievable Specific Impulse - Performance  comparisons of 

SP' (map> 1 
specific impulse a r e  based on the maximum achievable performance, I 
and a r e  obtained by using the following equation: 

The experimental  specific impulse was calculated by using measured  thrust  
and total propellant weight flow with the equation: 

Heat Loss Correct ions - The test  data  for  fir ings conducted with the 
water cooled thrust  chamber assembly were  cor rec ted  for  heat l o s ses  to  
the coolant water  by using the following relation: 

Tc-Te  (AHch+ 7-t 1 AH nozzle)  
2 

= 6.95447/0.0207 Isp ( tes t )  
Isp ( c o r r  ) TC 2 
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where: 

Tc  = theoretical  combustion tempera ture  

Te = theoretical  exhaust tempera ture  

AHch = enthalpy rejected to  chamber cooling water  (Btuhb 
propellant)  , 

AH Nozzle = enthalpy rejected to  nozzle cooling water  (Btu/lb 
propellant)  , 

- 
Y = isentropic expansion coefficient, and 

6 9 544 and 
0 .0207 = unit conversion fac tor .  
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